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Chapter 1 
Introduction 
The unexpected temperature dependence of the resistance of semiconductors has 
sparked the first interest in these materials. Instead of increasing, as in the case of 
the metals, the conductivity of semiconductors was found to decrease with decreasing 
temperature. Because the room-temperature resistivity is somewhere between that 
of good metallic conductors and insulators, these materials were called semiconduc-
tors. We now understand the behaviour of semiconductors on the basis of quantum 
mechanical band structure models. The technological development of semiconduc-
tor devices really gained speed in 1947, when Bardeen and Shockley, at the Bell 
Laboratories, built the first transistor using semiconducting germanium [1, 2] (they 
were awarded the Nobel prize for it). Nowadays in silicon thousands of resistances, 
capacitors and transistors may be packed into a square millimetre. In addition new 
device applications have become possible with the development of new materials. 
One of the most important materials is gallium arsenide, a III-V compound which 
(in contrast to the group IV elements silicon and germanium) has a direct band 
gap. This property makes such semiconductors extremely useful for applications 
in opto-electronic devices such as solid-state lasers, radiation detectors, solar cells, 
etc. For high-speed electronics this is also an attractive material, because of the 
extremely high mobilities which can be achieved (e.g. in HEMT-structures). It is 
not only the materials that have allowed the technology to develop to this level, 
but also the techniques to produce these materials. With molecular beam epitaxy 
(MBE) and metal organic chemical vapour deposition (MOCVD), it has become 
possible to grow interfaces between two different materials as sharp as one atomic 
layer, and artificial quantum structures in compound semiconductor materials can 
now be made reliably. 
The development of these new materials and these new techniques have not 
only lead to new applications, but also to new and unprecedented physics. The 
following two discoveries may serve as example of the importance of these new 
developments. In 1970, L. Esaki proposed an artificial, periodic quantum structure 
and so introduced the concept of the superlattice [3]. In these artificial materials 
the quantum mechanical phenomenon of tunneling in a solid state material and the 
forbidden bands due to the additional periodicity have been observed (Esaki was 
awarded the Nobel prize for this work). In 1980, K. von Klitzing discovered the 
1 
2 Chapter 1 
Quantum Hall Effect (QHE) in Si-MOSFET's: plateaus were found to occur in the 
Hall resistance at values of exactly hjie2 for integer values of г, and this has been used 
as a very accurate resistance standard expressed in fundamental physical constants 
[4]. Again a Nobel prize was awarded for new physics in semiconductor materials. 
In the two dimensional electron gas (2DEG) at the interface of modulation-doped 
GaAs-Alj-Gai-j; As heterojunctions the fractional quantum Hall effect was discovered 
[5] shortly after the QHE. Many of the new phenomena of the two-dimensional 
electron gets are still not completely understood [6]. A very good review of the 
electronic properties of the two-dimensional electron gas was given by Ando, Fowler 
and Stern [7]. 
In this thesis experiments on the effects of the confinement of charge carriers in 
these compound semiconductor heterostructures are discussed. Most of the exper­
iments described are performed on the quasi-two-dimensional sheet of electrons in 
heterostructures based on the GaAs-(Ga,Al)As system. The final chapter is also 
dealing with a 2DEG, but now as it is found in the layered compound InSe. 
The application of a magnetic field В leads to quantisation of the motion of the 
charge carriers in the zy-plane perpendicular to I?, and the energy levels can then 
be labelled as EN = (N + l)hu>c + Ez, where wc = eB/m*. Optical transitions 
between these so-called Landau levels are known as cyclotron resonance (CR). The 
first CR experiments were performed by Dresselhaus et al. and Lax et al. in 1953 on 
germanium, using a microwave klystron as radiation source [8, 9]. For charge carrier 
effective masses of order m* « 0.1 тп
е
 (as in GaAs and InSe) and magnetic fields up 
to 30 T. the CR energies will be in the far-infrared region of the spectrum. Deviations 
from the expected linear relationship between the Landau transition energy пш
с
 and 
the magnetic field B, determined by the effective mass τη*, give information on the 
interaction between electrons and other elementary excitations such as phonons. 
on fundamental 2D-properties like the details of the energy levels in the confining 
potential well through subband-Landau-level coupling, and on small deviations from 
the almost perfect parabolic shape of the conduction band minimum. 
In Chapter 2 a number of examples are used to demonstrate that cyclotron 
resonance is a very powerful technique. The related impurity-resonance technique 
is introduced, which is based on transitions between energy levels of bound states 
of shallow donors. These states can be described by a hydrogen-like model and the 
energy levels also show the well-known Zeeman splitting in an applied magnetic field. 
Due to the low effective mass and high dielectric constant of these semiconductor 
materials, the limit where the magnetic energy exceeds the Coulomb interaction will 
be reached at a few tesla. Some of the examples which show the applicability of 
far-infrared transmission experiments are. 
- The determination of band non-parabolicity and anisotropy of the conduction 
band in GaAs from the spin doublet splitting of the CR. 
- In the very rich spectrum of the hydrogen-like shallow donor one can observe 
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so-called metastable states. 
- Cyclotron resonance can be observed in Si ¿-doped GaAs, although the overlap 
of the electron wavefunction with the donors leads to a very large linewidth. 
- High carrier-density heterojunctions show two distinct cyclotron resonances due 
to two different occupied subbands. 
In GaAs Alj.Gai_j.As the conducting electrons are confined to the interface in 
a triangular potential well, and so form a thin sheet of conducting electrons. The 
electron energy-levels are quantised into quasi-two-dimensional subbands due to 
this confining potential well. For the characterisation of the samples and for a 
quantitative understanding of the properties of the two-dimensional electron gas, 
accurate and reliable values for the subband transition energies En — Em and for 
the spatial extension of the subband wavefunctions are of groat importance. The 
simple picture of complete quantisation into a ladder of Landau levels on top of 
each subband breaks clown in tilted fields when there is a crossing of Landau levels 
belonging to different electric subbands. The degeneracy of Landau levels belonging 
to different electric subbands will be lifted and a splitting of the CR is observed when 
the subband transition energy En — Em is equal to the CR energy fiu;c = heB/m*. 
In Chapter 3 we shall discuss the splitting of the CR which we have observed in 
an experiment using incident radiation of fixed energy for a particular value of the 
electron concentration. Experiments at a fixed magnetic field, and using a Michelson 
interferometer as wide-band source of radiation, will also be discussed. We shall show 
that these experiments allow one to determine the subband spacing En — Em, and 
we shall also analyse the electron-concentration dependence of the subband spacing. 
In a polar lattice an electron will attract the positively charged ions and repel the 
negative ones, surrounding itself with a lattice distortion. The combination of the 
conducting electron and its accompanying strainfield (a self-induced polarisation) is 
known as a polaron. The properties of a polaren differ from the band-electron in 
self-energy, effective mass and mobility. 
We have performed cyclotron resonance experiments in order to obtain infor-
mation on the polaron effect in GaAs-Al^Gai-^As heterojunctions. the results are 
presented in Chapter 4. A problem with this technique when applied to GaAs-
Alj.Gai_j.As heterojunctions occurs between the GaAs TO- and LO-phonon fre-
quencies, where there is virtually no far-infrared (FIR) transmission through the 
GaAs substrates on which most high-quality heterojunctions are grown. This makes 
it impossible to observe the resonant polaron effect in the usual transmission con-
figuration adopted for cyclotron resonance. We have circumvented this difficulty 
by studying the cyclotron resonance using FIR reflectivity at energies very close 
to the GaAs LO-phonon frequency. Model calculations showed that the lineshapes 
can be seriously distorted from simple absorption minima. A calculation of the 
dielectric' response of the heterojunction was used to reproduce the observed CR 
lineshapes well, enabling the effective masses to be reliably extracted from the data. 
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A GaAs-AlzGai j-As heterojunction is not an ideal 2D electron system, the elec-
tron sheet has a finite width and, compared to equivalent bulk systems, a relatively 
high electron concentration. These effects reduce the strength of the polaron ef-
fect by wavefunction extension and many-particle effects. We therefore performed a 
density-dependent experiment and found a strong suppression of the polaron effect 
for higher carrier concentrations. 
The influence of many-particle effects can be eliminated by studying the polaron 
effect in the Is — 2p+ impurity transition· no free electrons are present and we are 
probing the energy levels of an isolated electron bound to an impurity, which will 
couple with the LO-phonon in the same way as the free electron. By measuring on 
a uniformly doped multi-quantum-well structure (MQW) it is possible to study the 
effect of vanishing dimensionality on the strength of the polaron coupling without 
introducing high electron densities. One has in this case two ways to look at the 
effects of the reduction of the dimensionality. First one can compare the data with 
the resonances observed in a reference bulk sample. Secondly, we have observed 
resonances shifted with respect to each other which we have attributed to differ-
ent classes of electrons. The electrons originating from the impurities located in 
the barriers are spatially separated from the donors, and the Coulomb interaction 
between the electrons and these donors in the barrier will squeeze the electrons to 
the walls of the quantum well. As a consequence, these electrons will experience a 
stronger confinement than the electrons bound to impurities at the centres of the 
wells. We found in both cases (in the comparison of the bulk with the MQW, and 
in the comparison of the "well-electrons" with the "barrier-electrons") for the more 
confined electrons an enhanced deviation from the linear relationship of the energy 
with the magnetic field due to the polaron effect at energies well below the LO-
phonon energy. The experiments on the bound electrons in a square quantum-well 
structure arc presented in Chapter 5. 
The polaron effect is usually due to the interaction with phonons which carry a 
macroscopic polarisation. Due to the layered structure of InSe a so-called homopolar 
optic phonon exists in this material with no macroscopic polarisation. However these 
HO-phonons have a microscopic polarisation at the place where the electrons are 
situated, just in between the layers, and so give rise to a very weak polaron effect. 
In Chapter 6 we present the first direct observation of this effect, and in addition, a 
very strong 2D polaron effect due to coupling to the LO-phonon measured in fields 
up to 30 T. The strength of the coupling to the homopolar phonon deduced from 
our experiments was compared with previous estimates from temperature-dependent 
mobility measurements, and this new determination settled a long-standing dispute. 
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Chapter 2 
Far Infrared Spectroscopy: 
A Powerful Tool in Semiconductor Physics 
ABSTRACT 
In this chapter the characteristics of magneto-optical experiments in the far-infrared 
will be discussed. The energy-scales of interest and the material properties that can 
be studied will be indicated. The application of this powerful technique will then 
be exemplified with some experiments that we have carried out at the Nijmegen 
High-Field Magnet Laboratory. 
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2.1 Far-infrared spectroscopy 
The properties of semiconductors are very much determined by the details of their 
band structures. The energy gap between the valence band and the conduction 
band ranges from below a few hundred meV in narrow-gap semiconductors to a 
few eV. In the semiconductors Ge and Si. the highest edge of the valence band is 
found at the Г-point in the centre of the Brillouin zone, but the lowest valleys of the 
conduction band are found at other positions (e.g. near the X-point in Si), and the 
gap is indirect. The subject matter of this thesis is mainly GaAs, one of the IH-V 
semiconductor compounds. Most of these materials are characterised by a direct gap 
at the Г-point, so that recombination of an excited electron in the conduction band 
with a hole in the valence band can occur via a Ak = 0 process. This has resulted 
in the wide-spread use of these direct-gap semiconductors for optical applications 
such as solid-state lasers. Interband spectroscopy is an interesting field of research in 
itself, and a number of important experiments have been carried out in the Nijmegen 
High-Field Magnet Laboratory [1-5]. 
However, the work described in this thesis is concerned with far-infrared (FIR) 
intraband magneto-optics. On the energy scale of these experiments (г.е. of order 
several meV) one can probe the properties of the relatively few charge carriers in 
the conduction-band minimum which, for the direct-gap semiconductors considered 
here, is an almost parabolic valley located around the Г-point. Л general diagram of 
the band structure of a direct-gap semiconductor is gh-en in Fig. 2.1. The behaviour 
of the electrons in a direct gap semiconductor is largely determined by the shape of 
the nearly parabolic conduction band minimum. In GaAs the conduction band val­
ley is relatively steep with an effective mass m* — /?2(c?2£,/öÄ·2)"1 Ä 0.07 me. The 
effective masses of several semiconductor materials are given in Table 2.1 below. 
The energy gap between valence and conduction band is so small that at elevated 
temperatures some intrinsic charge carriers will be present. Nevertheless, for most 
applications one will deal with doped semiconductor materials. By incorporating 
donors in the semiconductor one can obtain η-type material with a pocket of elec­
trons in the conduction band, and by doping with acceptors p-type material with a 
pocket of holes at the top of the valence band. 
It is well known, that a shallow ionised impurity in a semiconductor will behave 
rather similarly to a hydrogen atom. Because the relative dielectric constant of these 
materials is of the order f Ä 10, the effective Bohr radius aj — fi2e/m*c2 will be 
several tens of A and the orbits of an electron bound to such a singly-ionised impurity 
will traverse a great number of unit cells. Therefore, only in the lowest bound states 
the character of the donor or acceptor will be noticeable, and the higher excited 
levels will become more and more hydrogen-like and more or less independent of 
the identity of the impurity. The energy-scale of these bound states is the effective 
Rydberg Ry' = т'е4/2п2€2 which is of the order of 10 meV {cf. Table 2.1) instead 
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Figure 2.1: Five-level approximation for the conduction 
band near the Г-point of the Brillouin zone. The valence 
band features a light- and heavy-hole band, and a split-
off hole band (for GaAs the spin-orbit splitting is Δο = 
0.34 eV). The energy gap in GaAs is E0 = 1.52 eV at 4 K, 
and somewhat higher (Εχ = 2.97 eV) another conduction 
band multiplet is found. 
of 13.6 eV for the free hydrogen atom as a result of the reduced effective mass m* 
and the high dielectric constant e; the magnetic-field-dependent Zeeman-splitting is 
also a few meV. Both energies are in the energy range of the far-infrared. 
Table 2.1: The effective mass m* (see e.g. Ref. [6]), typical length scale 
(effective Bohr radius oj) and energy values (effective Rydberg Ry* and cy­
clotron energy /tu>
c
) for electrons (and holet.) in some bemkonductor materials. 
In the evaluation, the magnetic field is taken as 10 T, at this field the material 
independent magnetic length is I = 81 A. 
7)-GaAs 
p-GaAs 
p-Ga.As 
InP 
InSe 
diamond 
Si 
m* /777
 e 
0.0G5 
0.12 (Ih) 
0.08 (hh) 
0.077 
0.133 
0.2 
0.98 (1) 
0.19 (t) 
aS[A] 
107 
57 
10 
82 
28 
14 
6 
32 
Ry'l 
5.7 
9.5 
53.8 
6.8 
33.9 
89.9 
97.4 
18.9 
meV] hu
c
 [meV] 
17.7 
9.G 
1.7 
15.0 
8.7 
5.8 
1.2 
6.1 
If one applies a magnetic field in the case of free, rather than bound electrons, 
the motion of the charge carriers in the plane perpendicular to the magnetic field В 
will be quantised into Landau levels, approximately equally spaced by the cyclotron 
energy ηω,. = heB/m*. For GaAs the cyclotron energy is in the 1-50 meV range for 
В Ä 1-30 T. The cyclotron radius determines a relevant length-scale: the magnetic 
length / = y'fi/eB which at 10 Τ is 81 Â. independent of material properties. 
As one can see from Table 2.1, the ratio of the magnetic energy and the Coulomb 
energy 7 = haj<:/2Ry* in these semiconductors is of the order 1 at the readily achiev-
able magnetic fieldstrengths of 10 T, instead of at 106 Τ in the case of the vacuum 
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electron, a field only available in neutron stars. All the electron physics is so scaled 
down to reasonably low energies (1-50 meV) and magnetic fields (up to 30 T). 
Far-infrared spectroscopy in semiconductor systems is not only important from 
the point of view of studying the fundamental properties of semiconductor materials 
or having model systems scaled down from astrophysical problems. It also represents 
a range of energies comparable to kBT at room temperature. One can thus study 
processes which are important at room temperature (e.g. electron-optic-phonon 
interaction) in a very controlled manner: highly energetic (room-temperature) elec­
trons may be produced in a low temperature lattice, and discrete electron energies 
may be selected using the magnetically tuned Landau levels. Thus processes which 
play a part in realistic devices operating at room temperature (e.g. electron-phonon 
interaction is the most important scattering mechanism at room temperature) and 
which set a limit to the mobility of the charge carriers in the semiconductor devices 
may be studied. 
Far-infrared spectroscopy is thus a powerful tool in the study of the electronic 
properties of semiconductors. Cyclotron resonance may be used for studies of the 
energy levels (Landau levels) of conduction electrons (or holes) in magnetic fields, 
and impurity resonance for studies of the energy levels of electrons (or holes) bound 
to shallow donors (or acceptors), and the Zeeman splitting of these energy-levels. 
Experimentally there are two ( omplementary techniques for doing far-infrared 
magneto-optical experiments: 
1. Fixed-energy swept-field: Using an optically-pumped molecular-gas laser one 
can obtain radiation at a few hundred discrete wavelengths in the range from 
30 μπι to 1.2 mm. Details of the optically-pumped FIR laser system at 
Nijmegen, including the modifications for obtaining the shorter wavelengths, 
can be found in Refs. [7-9]. The advantage of this approach is that energy-
dependent effects which influence the transition in question, such as LO-
phonon coupling and the dielectric response of the substrate, have a constant 
contribution during the whole field sweep. 
2. Swept-energy fixed-field: With a Michelson interferometer it is possible to 
take an energy spectrum at a fixed value of the magnetic field. The Nijmegen 
modified Grubb-Parsons interferometer is described in Ref. [10]. Although the 
effects mentioned in the fixed-energy-swept-field set up are superimposed on 
the cyclotron resonance and can influence its lineshape, this technique has 
the advantage that field-dependent parameters (such as the filling factor in a 
2DEG) are kept constant during a scan, and that one can tune the magnetic 
field accurately to the desired transition. In the experiments described in 
Chapter 3 this feature has proven to be extremely useful. 
GaAs and AlxGai j-As are two materials with (for the right composition .r) 
closely matched lattice constant and dielectric constant, however their band-gaps 
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are diiferent, and the band-gap of Al^Gai-^As can be tuned with the Al-fraction x. 
Using novel growth techniques such as MBE (molecular beam epitaxy) and MOCVD 
(metal organic chemical vapour deposition), artificial structures such as heterojunc-
tions, quantum wells and superlattices with well-determined barrier- and well-widths 
and potential wells may be made from GaAs-Alj.Gaj_j.As . Heterostructures may 
be made from other combinations of semiconductors, e.g. G&xh\i-xkSyYi^v and 
InP, or HgTe-CdTe. 
Modulation doping is a technique where the donors are spatially separated from 
the electrons, thus reducing the scattering of the charge carriers from these im-
purities. This technique has lead to considerably higher electron mobilities of 
two-dimensional electron gasses than obtained in e.g. a Si-MOSFET, where the 
donors are on the same place as the electrons. It has enabled fundamental and 
intriguing properties of two-dimensional electron gases (2DEG) to be studied: such 
as the discovery of the fractional quantum Hall effect in a high-mobility GaAs-
Alj-Gai^As heterojunction [11], and the observation of quantised conductance of 
magneto-electric ID-subbands in ballistic point contacts [12, 13]. In this thesis stud-
ies of severaJ two-dimensional artificial structures are discussed: heterojunctions, 
(multi-)quantum-well structures and ¿-doped samples of the GaAs-Al^Gai^As sys-
tem; Chapter 6 deals with the two-dimensional electron gas in the layered compound 
InSe. 
The application of far-infrared spectroscopy to semiconductor materials will be 
illustrated in the following sections in a discussion of experiments that have been 
carried out in the Nijmegen High-Field Magnet Laboratory. The final two sections 
of this chapter act at the same time as an introduction to the more detailed studies 
discussed in the further chapters of this thesis. 
2.2 Non-parabolicity and anisotropy of the conduction band 
The conduction band minimum in the compound semiconductor GaAs is almost 
parabolic and isotropic in the vicinity of the high symmetry Г-point. The band non-
parabolicity and the anisotropy will manifest themselves as small changes in effective 
mass with electron energy e.g. by increasing their energy by applying a magnetic 
field (lowest Landau level energy ^ ^ c ) · However, in intraband magneto-optical 
experiments these effects will be overshadowed by the so-called polaron effect. For­
tunately it has been shown, that the non-parabolicity of the band and its anisotropy 
can be determined from the spin splitting of the cyclotron resonance measured on 
materials of high enough purity to resolve this splitting at sufficiently low magnetic 
fields, and measured along different crystal orientations [14, 15]. This is made possi­
ble by the fact that the influence of the polaron effect on the magnitude of the spin 
splitting is negligible if the experiment is carried out in a fixed-energy-swept-field 
set up. In this case the two spin-split resonances will occur at the same energy 
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of incident radiation (but at different magnetic fieldstrengths); since the polaron 
effect is an energy- (and not field-)dependent effect, its influence will be the same 
for both spin directions and so not affect the spin splitting. The anisotropy of the 
conduction band can be determined from the crystal orientation dependence of the 
spin splitting. This was first observed by Golubev et al. [16]. 
The experimental data have been compared with calculations based on a five-level 
kp theory using the band-edge energy level scheme shown in Fig. 2.1 above. The 
к • ρ theory is a phenomenological description of the band structure [17]. Starting 
from Bloch-functions, one can derive an effective Hamiltonian with terms which are 
linear and quadratic in k. The kp term will cause a coupling of the various bands, 
and the model has as parameters the various interband energies such as e.g. the 
band gap between valence and conduction band EQ, the energy spacing Ει between 
the two neighbouring conduction bands Гд and Г^ and the spin-orbit splittings Δο 
and Αχ. For narrow gap materials, the inclusion of the interaction of just three of 
the energy bands will already give good results [18], but for materials with a wider 
gap, like GaAs, a three-level model is inadequate and the influence of energy bands 
further away has to be included [19]. In fact the contributions of higher levels could 
be taken as a perturbation of the three band model, but the three-level model also 
does not lead to any anisotropy, in disagreement with the experimental observations 
on GaAs. 
In the five level kp theory used to interpret our experimental data, the Hamil­
tonian can be truncated to a finite set of 14 coupled differential equations, and the 
distant level contributions are included later in a parabolic perturbation approxi­
mation ¿is С and C'. The truncated set involves four different matrix elements P0, 
Pi, Q and Δ~, and these parameters together with the band structure parameters 
are given in Table 2.2 [14, 20]. 
Table 2.2: The parameters used in the five-level k-p calculations. The values 
of the interband energy gaps and of the matrix elements P0
2
 and Pf are ob­
tained from well-established experimental data. The parameter Q2 is obtained 
from a fit to the experimental data. 
EQ = 1.519 eV E^ 2.969 eV m'0= 0.0653me 
Δο = 0.341 eV Δ ^ 0.171 eV ^ =-0.44 
A- = -0.050eV С = - 2 С' =-0.02 
ΡΓΞ 27.9 eV Ρ,2 = "2.95 eV Q 2 = 17.7 eV 
Photoconductivity measurements have been performed on high-purity 
epitaxially-grown 7j-GaAs of mobility μ ~ 160000 cm2/Vs. Typical traces of the 
cyclotron resonance at 23 meV are shown in Fig. 2.2, where one can see resonances 
at two different orientations of the single-crystal, with the (001)- and (Oll)-axis 
oriented along the direction of the magnetic field. Besides a clearly resolved spin-
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Figure 2.2: Cyclotron resonance for orientation of the (001)- and (Oll)-axis 
along the magnetic field with incident radiation of 23 meV. The resonances 
occur around 13.9 T. Note the differences in the magnitude of the spin-doublet 
splitting and the field at which cyclotron resonance takes place for different 
crystal orientations of a high-purity GaAs single crystal. 
doublet splitting of the resonance (around BQOI = 13 87 T ) , a significant shift of 
the resonance with orientation can be seen, indicating a slight anisotropy of the 
effective mass. T h e anisotropy and magnitude of the doublet-splitting observed in 
the magnetic-field range of this experiment was used to fit the only free parameter 
Q2, representing the anisotropy of the crystal. 
Figure 2.3: The spin-doublet splitting AB 
as function of B2, observed in a high-purity 
single crystal of GaAs. The solid lines repre­
sent the five-level к ρ model calculations 
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The spin-splitting is expected to vary as B2, and the results of the five-level 
kp model calculation using the parameters of Table 2.2 agree well with the data 
shown in Fig. 2.3. The shift of the resonances is not so well reproduced by the 
five-level model as the spin-splitting, and somewhat overestimated. Unfortunately 
the position of the resonance can not be determined with the same high absolute 
accuracy as the linewidth and the splitting. Recently, Najda et al. [21] performed 
experiments using pulsed magnets for fields up to 150 Τ and radiation from a CO2-
laser at λ ~ 10 μπι. The precision of their pulsed-field measurements is insufficient 
to observe a systematic anisotropic shift of the spin-doublet splitting and so did not 
lead to a more accurate determination of Q2. In contrast to our lower-field results, 
they found resonance fields which are significantly higher than predicted by the five-
level kp model. The discrepancy is not well understood and necessitates further 
investigations. 
2.3 The study of ¿-doped GaAs:Si 
An electron bound to an isolated shallow donor in a semiconductor has the well 
studied hydrogen-like energy spectrum [22]. Recently there has been growing interest 
in the physics of sharply defined donor layers. In our samples the donors are located 
in a very narrow range of atomic layers and their concentration is chosen to be so 
high that the wavefunctions of electrons of neighbouring impurities overlap, forming 
a sheet of delocalised and conducting electrons confined in a V-shaped potential 
formed by the positive ions. These systems are called ¿-doped layers. The ¿-doping 
technique has been used to grow Si-layers in GaAs and Alj.Gai_j.As, Sb-layers in Si, 
and S-layers in InP, using either MBE or MOCVD. The two-dimensional character 
of the ¿-doping profiles was first demonstrated by Zrenner et al. [23]. It was shown 
by secondary ion mass spectroscopy and by subband population measurements that 
the spatial thickness of the doping layer is small when the growth takes place at 
relatively low temperatures. 
Figure 2.4 shows schematically the band structure and wavefunction calculated 
for ¿-doped GaAs samples with Л^ = 4.5 χ IO12 cm" 2 donors distributed over 
180 Á and 40 Â, respectively [24]. 
We have studied two Si ¿-doped GaAs samples grown by MBE. The population 
of the subbands was determined from Shubnikov-de Haas measurements, and when 
one measures the derivatives of pxx and pXy with respect to the field B, one can 
directly resolve the weaker oscillations. The subband population is then found by a 
Fourier transform of the experimental data as function of l/B. The results for two 
of the samples are summarised in Table 2.3. 
The total electron density iVtot is given by the sum of the subband densities Nt 
and is smaller than the doping concentration Ná for both samples. Although the 
doping concentration in sample D is 4 times as large as in sample A, the electron 
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Figure 2.4: Calculated wavefunctions and subband energies in ¿-doped GaAs 
with a donor concentration of N¿ = 4.5 χ IO1 2 c m - 2 and a spatial distribution 
of (a) 180 À and (b) 40 À, respectively. The dashed line represents the shape 
of the potential wells. 
Table 2.3: The measured (as derivative of pxx with respect to the field B) 
and calculated subband population Nt for the i t h subband, in the samples A 
and D in units of 1 χ 101 2 c m - 2 . N¿ is the doping concentration. Sample D 
is also measured after illumination with a red LED. 
sample 
A 
D 
D 
ilium. 
dpxx/dB 
calculated: 
dpxx/dB 
calculated: 
dpxx/dB 
uyp _ 
1.37 
1.38 
3.5 
3.60 
3.5 
Ni 
0.38 
0.37 
1.23 
1.29 
1.29 
N2 
0.51 
0.46 
0.56 
A',ot 
1.75 
1.75 
5.24 
5.25 
5.35 
^ d 
2 
8 
8 
concentration is only 3 times as large. The suggestion of Zrenner et al. tha t this 
discrepancy is caused by population of the DX-ccnties needs further consideration in 
view of the small influence of illumination with a red LED on the subband population 
N,. By analogy with bulk r?-GaAs:Si one would expect that Ntot would increase with 
illumination as the DX-ceniies are ionised. It is probable that auto-compensation 
effects play a role here. Assuming a spatial distribution of the donors over 20 Ä gives 
a good agreement between selfconsistent calculations and the experimental obtained 
subband populations [24, 25]. 
The mobility, averaged over all subbands, can be found from Hall effect mea-
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surements, and at 4.2 К we find for sample Α μα^ = 5450 cm2/Vs and μι,^ = 
6760 cm2/Vs; for sample D μ
άΆΐί
 = 3850 cm2/Vs and ¿¿ilght = 5150 cm2/Vs. For 
¿-doped samples these are very high mobilities, and they are achieved by carrying 
out the MBE growth at low temperatures (480oC): the spatial extension of the dis-
tribution of doping atoms is small, which leads to a relatively smaller overlap of the 
wavefunctions of the charge carriers with the donor ions [26]. We have also per-
formed cyclotron resonance experiments on these high-mobility samples. Figure 2.5 
shows a typical result at 16 meV. We have determined the effective mass from the 
resonance field as τη* = heB/'Лі^щ, and the values found are plotted as function 
of the incident FIR energy in Fig. 2.6. The effective mass is larger than the bulk 
effective mass, and we have attributed the difference to band non-parabolicity of 
the Г-minimum of the conduction band. The electron density in these structures 
is very high and the confining potential very narrow, therefore the Fermi energy is 
lifted relatively far above the conduction band edge. 
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Figure 2.5: Cyclotron resonance transmission in high-mobility ¿-doped GaAs 
at 16 meV (λ = 77.4 μηι). 
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Figure 2.6: The effective masses obtained from the CR transmission minima 
of the ¿-doped GaAs sample A as a function of the energy of the incident 
radiation. 
The linewidth of the resonance in Fig. 2.5 (r(FWHM) = 5 Τ at 16 meV) is very 
large, and similar values have been found for all energies of the incident radiation. 
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One of the origins of the large linewidth is the strong overlap of the electron wave-
functions with the donors when compared to modulation doped heterojunctions: 
the electron gas is always close to or in the planes where the donors arc located. 
This strong overlap gives rise to short impurity-scattering times, and although our 
samples have the highest mobility yet obtained in ¿-doped structures, the resulting 
mobility is still low compared to those realised in modulation-doped heterojunctions 
and ultra-pure bulk material. Another reason for the large linewidth is that high 
electron densities give rise to dielectric broadening (see e.g. Chapter 4). In addi-
tion, with the high electron density several subbands will be occupied, each with its 
own band non-parabolicity and different cyclotron resonance condition, and this will 
lead to asymmetric broadening of the resonance. Quantitative results have not been 
obtained from CR experiments yet, but further transport experiments to investigate 
the role of the impurities are well underway. The interested reader is referred to 
Ref. [24]. 
2.4 Impurity resonances in bulk GaAs 
In semiconductors the relative static dielectric constant € ranges from 10 to 50 and 
the effective mass from 0.01 me to 0.1 me. Consequently, an isolated donor in a 
lightly-doped semiconductor, consisting of an electron bound to a positively charged 
ion by the Coulomb force, has energy levels in the far-infrared regime. Magneto-
impurity investigations have been used to determine the static dielectric constants 
of materials [27] and their pressure dependences [28], to identify the chemical nature 
of the impurities, to study the screening properties of the electron gas, to investigate 
the metal-insulator transition, etc. [29]. 
We have carried out far-infrared photoconductivity experiments on Si impurities 
in a GaAs epitaxial layer with І ^ — 5 χ IO14 cm 3 and Ν
Ά
 = 2 χ IO14 cm" 3 . Intrinsic 
photoconductivity is mostly thought to be due to the photothermal effect: the far-
infrared radiation excites a bound electron to a higher excited state, from where it 
can reach the conduction band by absorption of phonons. In Fig. 2.7 traces of the 
photo-response at a fixed energy of incident radiation of 26.8 meV and for a sweep 
of the magnetic fieldstrength from 0-15 Τ are shown. Numerous transitions can 
be observed: impurity transitions, cyclotron resonance, and transitions related to 
the so-called metastable states. In the high-field Is — 2p+ transition a spin doublet 
splitting is observed. 
The energy levels of electrons bound by a shallow donor are generally hydrogen-
like; one should however take into account the band non-parabolicity and the polaron 
effect (see Sec. 2.2 and 2.7). The resulting energy levels of hydrogen-like impurity 
states, with these two effects included, have been well studied in the past experimen­
tally [30-33] and theoretically [34]: In the high-field limit there are sets of bound 
states (through the Coulomb potential) belonging to each Landau level. All of these 
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Figure 2.7: A typical photoconductivity trace recorded at a fixed energy of 
the incident radiation of 26 8 meV, as a function of the magnetic field. The 
inset shows the spin-doublet splitting of the Is — 2p+ transition at 29.4 meV 
just below 15 T. 
states, except those from the lowest Landau level, are in the continuum for the set of 
bound states belonging to a lower Landau level. Some of these states are real, bound 
states, others are allowed under the quantum selection rules to make radiationless 
transitions to the continuum of a lower set of bound states. These are the so-called 
metastable states: they come into existence in an applied magnetic field out of the 
continuum of bound states of the donor and do not have a hydrogen-like analogue 
at zero field. [22, 35, 36]. 
In Fig. 2.8 the positions observed in impurity resonances are plotted as a function 
of the magnetic field; the cyclotron resonances found are ;ilso presented in the figure. 
The labels indicate the transitions, the dots are bound state resonances and the 
crosses the metastable state transitions. 
2.5 Heterojunctions with more than one subband occupied 
The electron-energy levels in a heterojunction are quantised into discrete electric 
subband levels due to the confinement by the internal electric field perpendicular 
to the interface. In most GaAs-Al
x
Gai .^As systems investigated until now, only 
the lowest subband is occupied at low temperatures. However, for realistic device 
applications, i.e. at room temperature, the thermal energy distributes the electrons 
over several subbands. Studying the influence of the occupation of several subbands 
in GaAs-A^Gai-^As heterojunctions at low temperatures requires a very high elec­
tron concentration, and is only possible in modulation-doped samples if the spacer 
thickness between interface and doping is small and the donor concentration is high. 
Newly developed MBE techniques such as ¿-doping and short-period superlattice 
buffer layers have allowed the manufacture of such high electron-density samples 
JL 
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Figure 2.8: The positions of the impurity and cyclotron resonances observed 
at several different energies of incident radiation. The transitions to the Lan­
dau levels JV — 3.4, 5, . . . and impurity levels are labeled, some observed 
metastable states are indicated by ( + ). 
with a sufficiently high mobility. 
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F i g u r e 2.9: A Shubnikov de Haas trace taken at a temperature of 200 mK on 
a sample with carrier density No - 8 χ 101 1 c m - 2 and Ni = 0.6 χ 1011 c m - 2 . 
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The appearance of several different cyclotron resonances originating from sev­
eral occupied subbands is well known in narrow gap materials [37]. These ef­
fects have only recently been observed in GaAs -AlxGa! -
x
As heterojunctions [38]. 
We have performed fixed-energy-swept-field cyclotron resonance transmission ex­
periments on high carrier-density heterojunctions, with electron concentrations 
iV
s
 = 3.8 — 16.8 χ 1011 c m - 2 . For the high carrier density in the samples explored, 
it is expected that two electric subbands will be occupied, and this is observed in 
magneto-transport as extra oscillations in the Shubnikov-de Haas signals and in 
far-infrared transmission measurements as an extra resonance. Figure 2.9 gives an 
example of a Shubnikov de Haas experiment. At the low-field end, the extra oscilla­
tions due to the (lower) population of the second electric subband are clearly visible; 
this effect had already been seen in (Ga,In)As-(In,Al)As heterojunctions [39], and 
was also recently reported for GaAs-Alj-Ga^^As heterojunctions [40-42]. Due to 
magnetic depopulation of the second subband the oscillations disappear at higher 
fields, and for the highest field quantum Hall plateaus develop in the Hall resistance 
when the magnetoresistance is seen to vanish. In the intermediate field regime, the 
Fermi level moves between the lowest and the second subband. This effect is seen as 
additional peaks and shoulders on the Shubnikov-de Haas oscillations of the lowest 
subband {e.g. at 3.8 Τ in Fig. 2.9). The details of this work will be described in 
Ref. [43]. 
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Figure 2.10: Cyclotron resonance transmission traces taken on a high carrier-
density heterojunction with two subbands occupied: the satellites on the low-
field side originate from the second subband. 
In Fig. 2.10 typical cyclotron transmission spectra of high carrier-density het­
erojunctions are shown. In the range of intermediate fieldstrengths a remarkable 
second transmission minimum is found at the low-field side of the main resonance. 
This resonance is weaker and sharper than the main resonance, and we attribute 
this minimum to the CR transition originating from the second subband. At low 
fields both resonances are broad and cannot be resolved separately, at high fields 
the second subband is totally depopulated and only one single resonance is found. 
At first glance, one woidd expect that the second subband resonance will experience 
a larger band non-parabolicity and so be found at the high-field side of the main 
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resonance. However, the interface potential well is not triangular, and the spatial 
extension of wavefunctions of the higher subbands becomes increasingly bigger, and 
what counts is the average energy of the electrons at Ep above the band edge. Spa­
tially averaged this difference is therefore smaller in the second subband than in the 
lowest subband, and so the effective mass is smaller. A noteworthy point is also that 
the lincwidth found for the second subband is smaller than for the lowest subband. 
According to Refs. [44, 45], the apparent linewidth has a carrier-density dependent 
term, and the second subband has a much lower electron density than the lowest 
subband. 
10 20 
Energy (meV) 
Figure 2.11: The effective masses determined from CR transmission exper­
iments on a heterojunction with carrier density N
s
 = 15 χ IO11 cm - 2 . The 
effective mass m* in the second electric subband is found to be lower than m5 
in the lowest subband. 
The effective mass 77)* can be determined from the resonance position using 
m* = fieB/lwpiji, and is plotted in Fig. 2.11. It is found that the effective mass 
of the lowest subband ?nj remains constant (the electron density is so high that 
with increasing magnetic field the Fermi energy will oscillate around a practically 
constant value). The electron density in the second subband is low, and therefore 
the quantum limit is soon reached when only the lowest Landau level is occupied, 
and the mass will then increase slightly due to the band non-parabolicity and the 
polaron effect. Similar results were obtained by Ensslin et al. [38]. 
Finally, in Fig. 2.12, we report the first observation, to our best knowledge, of 
quantum oscillations in the CR of a GaAs Al^Ga^j-As heterojunction. These oscil­
lations have been predicted by Ando [46], and the basic reason for their appearance is 
the periodic variation of the joint density of states when the magnetic field is varied 
[47]. If the CR linewidth is much broader than the periods of the Shubnikov-de Haas 
oscillations, the filling factor ν - cn/hB can change over many integer values within 
one resonance. Each time that the filling factor changes by one, a different number 
of initial and final states will contribute to the resonance. This will cause oscillations 
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in the resonance with the same frequency as the Shubnikov-de Haas frequency [47]. 
In Fig. 2.12 one can see that at the low-field tail the oscillations are in phase with 
the Shubnikov-de Haas oscillations, and that at the high-field tail they are out of 
phase. When the laser energy exceeds the cyclotron energy (low-field tail) the joint 
density of states has a maximum at filling factor t/ = N + ¿, while it has a minimum 
at i/ = N + \ when the laser energy is lower than the CR energy (high-field tail) 
[47]. 
We have also performed tilted-field, temperature-dependent and electron-
concentration-dependent CR and magneto-transport measurements, which will be 
presented in a forthcoming publication and in Ref. [43]. 
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Figure 2.12: A cyclotron resonance trans-
mission spectrum of a sample with Ars = 15 χ 
IO11 cm"2 taken at an energy of 2.64 meV 
(¡.e. λ = 469 μιη), and showing quantum 
oscillations with the same periodicity as the 
Shubnikov-de Haas oscillations. 
2.6 Resonant subband-Landau-level coupling 
The motion of electrons in a potential well is quantised in the direction of the con­
finement. For the characterisation of the semiconductor heterostructures, detailed 
knowledge of the interface potential well and of the associated electric subbands is 
necessary. In GaAs-Al^Ga^j-As hetcrojunctions and quantum well structures the 
electrons are quantised into quasi -two-dimensional subbands due to the triangular 
and square potential wells respectively. In high magnetic fields perpendicular to the 
interface complete quantisation occurs into fans of Landau levels emanating from 
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each electric subband. The Landau-level quantisation is decoupled from the electric 
subband quantisation and the electron energies are given by: 
E = El + {N+ -)hu>e (2.1) 
where Et is the electric subband energy and u>c = еВ/тп
%
 the cyclotron frequency. 
For a quantitative understanding of the properties of the two-dimensional electron 
gas accurate and reliable values for the subband transition energies E
nm
 = E
n
 — E
m 
and for the spatial extension of the subband wavefunctions are of great importance. 
From a comparison of measured subband transition energies with model calculations 
of the electronic band structure near the interface [48] the details of the confining 
interface potential can be determined. Various experimental techniques have been 
developed to study the subband energy level structure of the 2DEG, such as absorp­
tion spectroscopy [49, 50] and intersubband-cyclotron combined resonance [51]. 
ENERGY 
FILLING FACTOR 
Figure 2.13: Landau levels in perpendicular 
(- ) and tilted (--) applied magnetic fields. 
Schlesinger, Hwang and Allen [52] introduced the technique of resonant subband-
Landau-level coupling (RSLC). The simple picture of complete quantisation into a 
fan of Landau levels emanating from each electric subband breaks down in tilted 
fields close to the crossing of Landau levels belonging to different electric subbands: a 
small component of the applied magnetic field parallel to the interface will couple the 
motion of electrons parallel and perpendicular to the interface and the degeneracy of 
Landau levels belonging to different electric subbands will be lifted (Fig. 2.13). This 
coupling leads to the hybridisation of the subband-Landau-levels. A splitting of the 
cyclotron resonance (CR) is then observed when the subband transition energy E
nm 
is a multiple of the CR energy ηώ,. = hcB/m* [52-58]. 
This can be easily demonstrated for the case of the hypothetical parabolic quan­
tum well, where the subband energies and the Landau energies are both described 
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by a harmonic oscillator Hamiltonian. The case of a tilted field experiment can 
be reduced to the problem of two coupled harmonic oscillators, and can be solved 
analytically: an anti-crossing of the energy levels is obtained if hui
c
 = ^ю [59, 60]. 
In Chapter 3 the RSLC measurements will be presented performed on a GaAs-
Al^Gai-üAs heterojunction. We have observed a splitting of the CR using incident 
radiation of fixed energy and for a particular value of the electron concentration; 
the effect was attributed to coupling between the N = 1 Landau level of the lowest 
subband and the N = 0 Landau level of the first excited subband [53]. We will 
then also discuss experiments in a swept-energy-fixed-field set up, together with an 
analysis of the electron-concentration dependence of the subband spacing Enm. 
2.7 The polaron effect in compound semiconductors 
The striking temperature dependence of the resistivity and mobility of semiconduc-
tors is probably the best-known effect attributed to the electron-phonon interaction. 
In a polar lattice like GaAs another and more subtle effect appears as a consequence 
of the electron-phonon interaction. The electrons will attract the positively charged 
ions and repel the negative ones, surrounding themselves with a lattice distortion. 
The combination of the conducting electron and its accompanying self-induced polar-
isation behaves like a quasi-particle and is called a polaron. It will have an enhanced 
effective mass: the polaron mass. The polaron concept was first used by Landau 
[61] and the polaron coupling is described by the Fröhlich Hamiltonian [62]: 
* - 2m + ^ ^ L o a U + E ( ^ W f e " + V:^~lk ') (2-2) 
к к 
where α^ and ak are the creation and annihilation operators for the longitudinal 
optic phonons. Vît are the Fourier components of the Coulomb interaction between 
the electrons and the ions, and are given by: 
\ Ak J \Tn*u!LoJ 
The Fröhlich coupling constant α determines the strength of the polaron coupling, 
and is given by: 
e
2
 /~rñ*c2 / 1 1 \ 
α = - - . / - - (2.5) 
ñc V 2/îu;Lo \€œ €oJ 
Table 2.4 lists the Fröhlich coupling constant of several materials. In Ref. [63] a 
review of several aspects of the polaron concept is given. Here we will limit oursclf 
to the weak polaron coupling in bulk and 2D covalent semiconductors like GaAs. 
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Table 2.4: The Fröhlich coupling constant a for some compounds [63]. 
Material 
CdTe 
CdS 
ZnSe 
InSe 
GaAs 
GaP 
α 
0.31 ^ 1 
0.52 
0.43 
0.3 
0.068 
0.201 
Material 
NaCl 
KCl 
AgCl 
KBr 
InSb 
Q 
5.5 
3.5 
1.8 
3.05 
0.014 
In the weak coupling limit (as e.g. for GaAs), one can use perturbation theory 
and one obtains in three dimensions: 
Δ,Εο = -ahwio 
. _ m* 
m p o 1
 - І - о / б 
ΔΕς, is the self-energy correction: the groundstate energy of a polaron is shifted 
downwards by this amount with respect to the groundstate of the system with 
uncoupled electrons and phonons. As already mentioned above, the polaron coupling 
also leads to a slightly enhanced effective mass m*,,,. 
For two-dimensional electron systems, like GaAs-Al^Gaj-^As heterojunctions, 
the electrons interact with the bulk phonons. For the ideal 2D polaron (i.e. one 
polaron theory: no many-particle effects; infinitely thin potential well: no wavefunc-
tion extension) one obtains in the weak coupling limit and with the expression of 
Eq. (2.4) for the interaction 14 the following results for the self-energy correction 
AE0 and the effective mass m* [64]: 
Δ£ο = -^fiwLo-0.06397o 2fia;Lo + 0 ( n 3 ) (2.8) 
m
' = ?77*(1 + £ α +0.1272348α 2+ 0 ( a 3 ) ) (2.9) 
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The description given above is valid for zero or low magnetic fields (the non-
resonant regime), but in going to higher fieldstrengths the Landau energies of the 
electrons will approach the value Τια,χο, the energy of the polarising phonon. In 
this regime ( the resonant regime) an anti-crossing occurs of the N = 1 Landau level 
and the virtual energy level defined by the energy of the lowest Landau level plus 
the phonon energy /ÍWLO· At high magnetic fields, the Landau level will thereby be 
pinned to this virtual energy level [65]. The anti-crossing leads to a discontinuity 
in the effective mass and the energy at which this discontinuity occurs will indicate 
which paiticular phonon is involved in the polaron effect, and the size of the discon-
tinuity will give an estimate for the strength of the polaron coupling. Figure 2.14 
(2.6) 
(2.7) 
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shows how the polaron effect will influence the N — 0 and Лг = 1 Landau levels and 
how the anti-crossing in the resonant polaron regime affects the effective mass. To 
summarise, one can distinguish four effects: 
- the zero field energy is shifted downwards with the self-energy Δ£ο, 
- the effective mass enhancement leads to a reduced slope of the Landau levels, 
- there is an anti-crossing at the phonon energy, and 
- the Landau level is pinned to the virtual energy level. 
Magnetic Field 
Potaron mass ι 
non-resonant resonant 
I ι1 
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Figure 2.14: Modification of the energy levels (a) and effective mass· (b) due 
to the polaron effect. In the resonant regime, there is an anti-crossing of the 
EN^I Landau level with the virtual energy level ^ν=ο + ^ і ю · The arrow 
indicates the cyclotron resonance transition EN =I(B) — EÀM_O{B)-
We have carried out a number of cyclotron resonance transmission and reflection 
experiments to obtain information on the polaron effect in GaAs-Al^Gai-jAs het-
erojunctions: the results of these very detailed investigations are presented in Chap-
ter 4 of this thesis. A GaAs-AUGai-^As heterojunction is not an ideal 2D electron 
system: the 2D sheet has a finite thickness and a relatively high electron concen-
tration when compared to the bulk materials. The strength of the polaron effect 
is found to be reduced by the finite extension of the electron wavefunctions and by 
many-particle effects. This last effect can be circumvented by studying the polaron 
effect in the Is - 2p~ impurity transition: no free electrons are present and one can 
probe the energy levels of electrons bound to the impurity. The results of cyclotron 
experiments on such bound electrons located in a square quantum well structure are 
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presented in Chapter 5. 
The polaron effect observed in GaAs is due to the interaction with phonons 
that carry a macroscopic polarisation. In the layered compound InSe, a homopolar 
optic phonon exists with no macroscopic polarisation: this phonon will nevertheless 
induce a local polarisation in the layers where the electrons are and so give rise to a 
very weak polaron effect. In Chapter 6 we present the first direct observation of this 
effect. In measurements at very high magnetic fields, up to 30 tesla, we have also 
observed very strong 2D polaron effects due again to coupling between the electrons 
and the longitudinal-optic phonon. 
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Chapter 3 
Resonant Subband-Landau-Level Coupling in 
GaAs—(Ga,Al)As Heterojunctions 
ABSTRACT 
Resonant coupling of the subband-Landau-levels in the two-dimensional electron 
gas in high mobility GaAs-(Ga,Al)As heterojunctions has been studied using 
far-infrared transmission spectroscopy. The subband structure and the coupling 
strength has been investigated by cyclotron resonance at energies near the tran­
sition energy between the subband levels. This was done at constant magnetic 
fieldstrength for a range of energies by far-infrared Fourier transform spectroscopy, 
and for a fixed energy of incident radiation while varying the strength of the ap­
plied magnetic field. A broadening and splitting of the cyclotron resonance line is 
observed when the subband separation E10 is a multiple of the cyclotron resonance 
energy βω0. One can thus obtain directly the subband transition energy and the 
coupling strength, which depend strongly on the shape of the interface potential. 
Calculations of the hybridisation of the subband-Landau-levels, based on a tri­
angular potential well, result in an energy-, field- and angle-dependence of the cou­
pling in good agreement with experimental observations at small tilt angles, and 
reproduce the double resonance observed at a fixed energy of laser radiation. The 
electron concentration was influenced either by illuminating the sample or by apply­
ing a backgate voltage, and the resulting variation of the subband energy separation 
is found to be in accordance with the results of selfconsistent calculations. 
Parts of the work described in this chapter have been published in: 
- Surf. Sci. 170, 160 (1986); 
- Phys. Rev. В 34, 5590 (1986); 
- High Magnetic Fields m Semiconductor Physics, G. Landwehr ed., Springer Series in 
Solid State Physics 71, p.248 (1987). 
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3.1 Subband-Landau-level spectroscopy 
For a quantitative understanding of the properties of the two-dimensional electron 
gas (2DEG), accurate and reliable values for the subband transition energies Enm 
and for the spatial extension of the subband wavefunctions are of great importance. 
From a comparison of measured subband transition energies with model calculations 
of the electronic band structure near the interface [1] the details of the confining 
interface potential can be determined. Various experimental techniques have already 
been developed to study the subband energy level structure of the 2DEG, such as 
absorption spectroscopy [2, 3] and intersubband-cyclotron combined resonance [4]. 
Schlesinger, Hwang and Allen [5] introduced the technique of resonant subband-
Landau-level coupling (RSLC): A small component of the applied magnetic field 
parallel to the interface will couple the electron motion parallel and perpendicular 
to the interface and the degeneracy of Landau levels belonging to different electric 
subbands will be lifted. As a consequence, in tilted fields the simple picture of com-
plete quantisation into a ladder of Landau levels on top of each subband breaks down 
when there is a crossing of Landau levels belonging to different electric subbands. 
A splitting of the cyclotron resonance (CR) is then observed when the subband 
transition energy Enrn = En - Em is a multiple of the CR energy hwc = heB/rn* 
[5-11]. 
We have observed a splitting of the CR using incident radiation of fixed energy 
for a particular value of the electron concentration (cf. Fig. 3.1); this effect is 
attributed to the coupling between the N=1 Landau level of the lowest subband and 
the N=0 Landau level of the first excited subband [6]. It is most remarkable that two 
resonances belonging to the lower and upper branches of the hybridised subband 
Landau-levels are simultaneously observed at the same energy; this indicates that 
for a proper understanding linewidth effects have to be taken into consideration. 
In this chapter measurements of RSLC in GaAs -Al^Gai.
 x As hetero junctions will 
be presented, and we will show that from the subband transition energy and coupling 
strength, determined in these measurements, detailed information on the shape of 
the interface potential can be deduced. The experimental details are described in 
Sec. 3.2. Sec. 3.3 gives model calculations of the subband Landau-level coupling 
based on a triangular well potential. In Sec. 3.4a, the measurements obtained at 
fixed magnetic fieldstrength are reported, and in 3.4b experiments at fixed energy of 
the incident radiation. The subband transition energy and the coupling strength are 
determined. The field- and angle-dependence of the strength of the coupling between 
the subband-Landau-levels is compared with the predictions of our triangular well 
model. The changes in transition energy and coupling strength which result from 
variation of the electron density and of the shape of the potential well by either a 
backgate voltage or illumination of the device are also discussed. Finally in Sec. 3.5, 
we will discuss how the incorporation of broadening of the Landau levels allows the 
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Figure 3.1: Transmission at a laser energy 
of E = 23 meV with the magnetic field tilted 
θ = 2.5° from the normal to the 2DEG. The 
curves correspond to different values of the elec­
tron concentration at different settings of the 
backgate voltage: (a) Vg = 20 V; (b) Vg - 0 V; 
(c) Vg = —20 V. In case (b) a double resonance 
is observed in the region where the subband sep-
MACHETic FIELD η ) aiation .Ею is equal to the FIR radiation energy. 
features of the CR splitting of Fig. 3.1 to be reproduced. 
3.2 Experimental details 
The measurements were performed on high mobility, MBE grown, modulation doped 
GaAs-Alj-Ga^j-As heterojunctions [12] with an electron concentration of approx­
imately 2 χ 1011 c m - 2 . The 300 μιη thick substrates were wedged to eliminate 
interference effects. А б μιη thick Mylar foil onto which a 15 nm thick Cr layer 
had been evaporated served as a semi-transparent backgate and enabled us to ap­
ply electric fields of a few times 106 V/m at the interface. Using this backgate 
we could vary the 2D electron concentration by approximately 20% ; the electron 
concentration was also varied by means of illumination with a red light emitting 
diode (LED). The actual electron concentration was determined each time from the 
low-field Shubnikov -de Haas oscillations. 
The samples were immersed in a pumped liquid helium bath at Т А 1.3 К and 
could be rotated over an angle θ up to 15° around an axis perpendicular to the 
magnetic field. The beam of far-infrared (FIR) radiation, incident on the sample, 
was parallel to the applied magnetic field; its transmission through the samples was 
detected by a carbon bolometer mounted in an integrating sphere immediately below 
the sample. The magnetic field was generated with a 15 Τ Bitter magnet. 
Measurements were performed at constant applied magnetic field using a slow 
scan Michelson interferometer Figure 3.2 gives a set of spectra of the CR transmis­
sion of a sample for which the normal to the interface was tilted over θ = 3.8° from 
the direction of the magnetic field. For the lower and higher magnetic fieldstrengths, 
one single resonance line is well developed. As the field increases the lower energy 
ШДНЭМІЭЗІІШ laro uniisj -
E=23.0 meV І57. 
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Figure 3.2: Transmission spectra measured us­
ing a far-infrared interferometer for various val­
ues of the magnetic field. The axis of the ap­
plied field is tilted θ = 3.8° from the normal to 
the 2DEG. 
resonance becomes less pronounced and a higher energy resonance starts to develop; 
when, around 12.2 T, the field reaches a value for which the undisturbed CR energy 
would have been equal to Ею the two resonances are of equal strength, and for high 
enough field only the highermost resonance remains. The doublet splitting turns out 
to be proportional to the component of the magnetic field parallel to the interface. 
These spectra are a good tool to determine the value of .Ею and the magnitude of 
the splitting of the CR as we shall describe in Sec. 3.4. 
Far infrared radiation at discrete wavelengths and with a power of typically a few 
milliwatt is generated by an optically-pumped molecular gas laser. The available 
laser lines are so widely spaced that in general no laser line will be found close enough 
to the subband transition energy to directly observe the small splitting of the CR due 
to RSLC. By means of an electric field through the application of a backgate voltage 
however, the electron concentration and the subband energies can be influenced, and 
in this way .Ею can be made to coincide with the energy of the incident FIR laser 
radiation. It is observed, as in Fig. 3 1. that with decreasing backgate voltage (г.с. 
with increasing subband transition energy) one CR mode will broaden and shift to 
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lower magnetic fields while a higher field mode will develop and become narrower as 
it shifts towards the unperturbed resonance field B
c
 = (m*/he)huj,.. It is remarkable 
that the two modes belonging to the upper and lower branch of the hybridised 
subband-Landau-levels are observed simultaneously. This fact becomes dear when 
we consider Fig. 3.2 in more detail. Let us focus our attention on the transmission 
at the energy of the incident laser radiation, which is supposed to be close to Ею-
The unperturbed CR would be in resonance with the subband transition energy 
around 12.2 T. From the spectra of Fig. 3.2 absorption is found at magnetic fields 
close to but below this resonance field due to the tail of the high-energy line of the 
doublet (cf. circle for 11.79 T); for increasing magnetic fields this absorption will 
pass through a maximum and the tail of the low-energy line will gradually start to 
contribute to the absorption until for fields above 12.7 Τ no appreciable absorption 
will be left (cf. circle for 12.71 T). The details of the resonances as observed in 
Fig. 3.1, such as their splitting, depend in a very complicated way on the linewidth 
of the CR and therefore on the broadening of the subband-Landau-levels. In the 
following we will first try to understand the RSLC neglecting these line-broadening 
effects, these will be discussed later in Sec. 3.5. 
3.3 Coupling calculations 
In order to understand the appearance of the double resonances shown above in a 
more quantitative fashion we have calculated the subband -Landau-level coupling. 
For such calculations one of сошье requires the subband energies and wavefunctions. 
For simplicity, we perform our calculations in the one-electron approximation and 
use a simple triangular potential well with a conveniently chosen slope instead of 
using a selfconsistent potential «approach [1, 13]. We feel that this simplified picture 
contains the principal physical features of the problem, and this is confirmed by the 
agreement with the experimental data. 
The problem reduces to finding the eigenvalues of the well known Hamiltonian 
П =
 9 - m [(px + eBz sino)2 + (pv + cBz cos 6>)2 + p2] + e\z (3.1) 
where the z-axis is perpendicular to the interface of the heterojunction, the magnetic 
field is tilted from the z-axis over an angle Θ, and Λ represents the slope of the 
triangular potential and depends on depletion field and applied backgatc voltage. 
The Hamiltonian can be separated into H — Tí, (- Tí ι + Ή.' [14]. 
We will choose as a basis 
« W ( r . -") = jf exp ( - i ( y - і ^ Ц т " - A \ Хк(* - X)U = ) (3.2) 
36 C h a p t e r 3 
where l2L = h/eBcoso, η — п/еВвіп and X = -kyl
2
_: the matrix elements :
nm 
are defined by: 
=nm = Г СЛФСтШг. (3.3) 
The in-plane wavefunctions XN{X — X) are the eigenfunctions of Ή\\ and are the 
usual Landau-level wavefunctions: 
χ
Ν
(χ) = іІ (27 7 ! ^
і
) - 1 ' 2 Я . (х// ± )ехр(-х 2 /2/і), (3.4) 
where HN(x) is the Hermite polynomial. The wavefunctions perpendicular to the 
interface, ζ
η
{:), are chosen to be real and satisfy: 
W±Cn(~~) = ( ~ + eXz + ^ - ¿ ) С „ ( = ) = Ε
η
(Β*\ηθ)ζ
η
{ζ). (3.5) 
2 m * 2?η*ί | 
The term in the Hamiltonian that will lead to the coupling of motion in the plane 
of the 2DEG with motion along the z-axis is 
*'=-/-£. (3.6) 
in' If, 
This term is zero when the applied magnetic field has no component parallel to the 
2DEG. The matrix elements < n', N', X'\H\ /i, .V, X > are worked out in Ref. [14], 
and can be evaluated easily in the case of a triangular potential well. This matrix 
was numerically diagonalised, and the five lowest subbands (n = 0,1....,4) and from 
every subband the five lowest Landau levels | n,N > (TV = 0.1 4) were taken 
into account in order to assure convergence. The eigenfunctions of the Hamiltonian, 
including the coupling through Ti', will be linear combinations of the wavefunctions 
of Eq. (3.2), and we will denote these by ψ,. 
Figure 3.3 shows a result where the electric field A is chosen so to give a crossing 
of the subband-Landau-levelb | 0,1 > and | 1,0 > at 13.2 T. On approaching 
the crossing, the CR resonance to the Vi level will occur at lower energy than the 
unperturbed value, with an oscillator strength proportional to |< y'i | 0.1 >| 2 . At 
the same time a second resonance will start to appear with an oscillator strength 
|< Ф2 | 1.0 >| 2 and at an energy just above the unperturbed value. In Fig. 3.3b 
the overlap |< ¿Ί | 0,1 > | 2 and |< Vi ] LO >!2 is given; within the resolution of the 
graph |< V2 | 1,0 >| 2 = |< ι/Ί I 0,1 >| 2 and |< (^ | 0,1 > | 2 = |< i"i I L 0 > | 2 . 
The splitting observed for a particular strength of the magnetic field is due to 
the appearance of two branches of the subband-Landau-level coupled CR energy. 
It should be noted that there is already a significant mixing of states when the 
eigenvalue is still close to its unperturbed value. It is because of this that for fixed 
energy of the incident radiation we can observe two minima in the transmission, one 
at a magnetic field below and one above the crossing field. 
R e s o n a n t S u b b a n d - L a n d a u - L e v e l C o u p l i n g 3 7 
ENERGY [meVl— τ 
Figure 3.3: (a) The calculated eigen ener­
gies Ει and E2 (belonging to il>i and ^2) rel­
ative to the energy of the lowest Landau level 
I 0,0 > for a triangular well potential tilted 
by θ = 2°, and (b) projections | < t ¿ | n , i V > [ 2 
of the eigenstates on the pure subband-Landau-
level states I n,N >; (1): |< V-Ί I 0,1 > | 2 and 
(2): |< Φι | 1,0 > | 2 . Within the resolution of 
this graph |< 02 I 1.0 > | 2 = | < Φι \ 0,1 > | 2 and 
| < i y 2 | 0 , l > | 2 - | < v 1 | l , 0 > | 2 . 
3.4 D i s c u s s i o n 
a M e a s u r e m e n t s at constant m a g n e t i c fieldstrength 
Figure 3.2 shows that near the subband transit ion energy Ею two C R lines can be 
found; their energies are plotted as a function of magnetic field in Fig. 3.4. T h e mid­
points of the pairs of resonances are given as well, and from the intersection with the 
line Tiu)
c
 = {efi/w*)B the resonance field of the subband transition energy will be 
found. In fact, we determined the effective mass ín* from resonances far away from 
the anti-level-crossing (Fig. 3.4b). At the resonance field, the two transmission 
minima are of equal strength and the observed splitting is reaching a minimum. 
This procedure is consistent with the theoretical analysis of the foregoing section 
and allows a very accurate determination of the resonance field and EL0. 
Figure 3.5 shows the angle-dependence of the splitting at the resonance field; 
the point-dashed line corresponds to our calculations based on a triangular well 
potential; the solid line corresponds to the harmonic oscillator model of Ref. [5]. 
The harmonic oscillator model has an analytical solution, the eigenvalues of the 
Hamiltonian can be calculated exactly [15. 16]. However, the triangular potential 
well approximation is in much better agreement with the experiments on hetero-
junctions than the harmonic oscillator model, as we shall show below. 
We have determined the subband splitting for several samples under different 
conditions. These conditions are listed in the inset of Fig. 3.6. The coupling strength 
is taken as the derivative of the subband splitt ing with respect to the tilt-angle and 
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Figure 3.4: CR transition energies as a function of magnetic field, as obtained 
from the spectra of Fig. 3.2; (a): £Ίο is found from the mid-points of the pairs 
of resonances (open dots) and the effective mass line, (b): The effective mass 
line is determined from measurements far away from the anti level-crossing. 
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Figure 3.5: The angle-dependence of the 
splitting. The measurements are indicated 
by open circles. The solid and point-dashed 
lines correspond to the calculations with the 
harmonic oscillator and triangular potential 
approximation, respectively. 
normalised to the subband transition energy: (οΔΕ/'dB)/'E\^. Figure 3.G gives the 
coupling strength plotted as a function of .Ею· Both the subband splitting and 
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Ею seem to depend on the initial conditions, like the cooling cycle. The triangular 
well approximation used here, gives a coupling strength 0.871, independent of £40, 
while in the case of the harmonic oscillator potential of Ref. [5, 15, 16] the coupling 
strength would be л/2. 
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Figure 3.6: The coupling strength (дАЕ/д )/Еі0 as a function of Ei0. In 
the inset the references to sample and backgate voltages are given. 
As can be seen in Fig. 3.6, the coupling strength becomes smaller with increasing 
backgate voltage. This can be understood as follows: Inspection of Eq. (3.6) shows 
that in the limit sino <€. 1, {dAE¡d9)/Ei0 is proportional to сю, the overlap matrix 
element defined in Eq. (3.3). From simple electrostatic considerations it is expected 
that the interface potential will bend off at its backgate side due to the applied 
positive backgate voltage. The wavefunction ζι(ζ) will then extend further into 
the GaAs layer than Co(~) a i l d therefore the matrix element Сю- and consequently 
the coupling strength, will be reduced. But when the sample is illuminated with a 
red LED (from 1 to 4 in Fig. 3.6), the subband coupling strength is found to stay 
approximately constant while the subband transition energy is increased. It implies 
that in this case the shape of the potential is much less affected [17]. 
The maximum value of the coupling strength found (cf. Fig. 3.6) is lower than 
calculated from the triangular well approximation. This is also true for the data of 
Schlesinger, Hwang and Allen [5], from their Fig. 4 one can find a coupling strength 
of 0.77. One is tempted to attribute this difference to depolarisation and exciton-
like effects. Zaluzny showed that the transition energy measured by RSLC is the 
depolarisation shifted electric subband transition energy Ею — Е1о(1 + 7п/2) where 
'Ун determines the strength of depolarisation and exciton-like effects [18]. A positive 
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Figure 3.7: Subband transition energy .Ею 
as a function of the electron density N
s
. The 
numbers are specified in the inset of Fig. 3.6. 
The solid line and the dat>hed line are cal­
culated using the results of the selfconsistent 
model of Ref. [13] 
value for 7ц would increase the coupling strength and improve the agreement with 
the simple model used, since in our work the coupling strength involves a normal­
isation with Ею. We feel however, that the triangular well approximation is not 
accurate enough to allow to deduce a value for -уц from these data. For the "half-
field" coupling (hui
c
 — },Ei0. see also Sec. 3.4.b) however, he found that in first order 
approximation the RSLC is not affected by the depolarisation shift [19]. 
In principle, one could find a more realistic potential from a subband calcula­
tion, where the interface potential given by the Poisson eciuation is selfconsistently 
included in the Hamiltonian of Eq. (3.1). We shall not attempt to extend our sim­
ple model. Instead, we compare our experimental results with the selfconsistent 
calculations of Stern and Das Sarma [13]. 
In Fig. 3.7, E io is plotted as a function of the 2D electron concentration Ar
s 
for the different conditions summarised in the inset of Fig. 3.G. With increasing 
backgate voltage V^ , N
s
 is found to increase to a saturation value of approximately 
2.6 χ IO11 cm" 2 . A higher electron concentration is obtained by photoexcitation of 
charge carriers when the sample is illuminated with a LED. Figure 3.7 clearly shows 
that the subband transition energy decreases when the electron concentration is 
increased with an applied backgate voltage. In contrast, an increase of the carrier 
concentration through illumination (point 4) leads to an increase of Ещ. This shows 
again that two entirely different mechanisms are at play in changing the carrier 
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concentration of the 2DEG: 
- With photoexcitation one produces a transfer of charge from the (Ga,Al)As layer 
to the GaAs layer [20], this will lead to an increase of the space charge layer and 
consequently to an increase of the electric field at the interface. This will cause Ею 
to increase, as is confirmed by Stern and Das Sarma [13]. Their results for Ею, as a 
function of the electron concentration, are shown by the dashed line in Fig. 3.7. To 
reproduce the value of Ещ for point 1, we had to assume a value for the unintentional 
background doping of 2 χ IO14 c m - 3 , a reasonable value compared to doping values 
found for such heterojunctions [12]. 
- By applying a backgate voltage, an additional electron concentration ANS can 
be introduced into the channel of the 2DEG, but in this case there is no charge 
flow from the (Ga,Al)As through the interface [21]. In this case, from a simple 
application of Poisson's equation, one finds an induced electric field between the 
channel and the backgate of AFBG = - Р А Л ^ Д , where e is the dielectric constant 
for GaAs. The '"slope" of the confining potential is thereby reduced. If we assume 
that a change in the depletion field AFv will have approximately the same effect on 
El0 as a change of the induced field due to the backgate voltage A F B G , then we can 
write that 
A S « « df/AFBG + ^ANS (3.7) 
OFD ONS 
and again with the values of Ref. [13] for Ею as a function of depletion field and 
carrier concentration, we obtain in this case the solid line of Fig. 3.7. The agreement 
with the experimental data is remarkably good, considering the approximations 
made for the electric fields. 
b Measurements at constant energy 
The splitting of the CR observed in Fig. 3.1, can be qualitatively understood on 
the basis of Fig. 3.3, where we have shown the energy level structure calculated 
for a small tilt angle . Near the anti- level-crossing, the eigenstates arc linear 
combinations of the pure subband-Landau-states Ψ,,Ν.Χ (Eq. (3.2)) and the energy 
will deviate somewhat from the unperturbed value. Due to the mixing of the pure 
states, transitions will now be possible for incident FIR radiation of energy Ею at 
magnetic fields below and above the crossing, as long as the hybridised states have 
not been shifted by the coupling over much more than the level width. At fields 
too close to the crossing field, the shifts are larger and transitions will no longer 
be possible; at fields too far away, the mixing is negligible and transitions will no 
longer be possible because of the ΔΛΓ = 1 selection rule for the Landau levels. And 
therefore, (cf. curve b in Fig. 3.1) two absorption maxima can be found. A more 
quantitative explanation will be given in the next section. 
The splitting of the RSLC becomes larger as the normal to the 2DEG is tilted 
further away from the magnetic field B. Figure 3.8 shows, for a number of different 
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tilt angles, the magnetic fieldstrengths at which the two resonances were observed. In 
this experiment the sample was exposed to radiation of fixed energy ha; = 19.7 meV 
and produced by a FIR laser. A number of field sweeps was then recorded for 
varying backgate voltage. The effect of varying the backgate voltage is to modify the 
subband separation. For a backgate voltage more positive than the value at which 
Ею = Ηώ the CR may be observed as a transition between | 0,0 > and the upper 
branch {cf. Fig. 3.3) at a fieldstrength lower than the unperturbed crossing .Ею = 
heBсоп /тп', while for a more negative backgate voltage, CR may be observed 
to the lower branch and at a higher fieldstrength. Figure 3.8 shows the positions 
observed when the CR resonances to upper and lower branch had equal intensity 
and the data allow to deduce the unperturbed crossing Ею = hoi. 
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Figure 3.9 shows the values of Ei0 obtained at different energies of the FIR-
radiation. and with hindsight, this graph shows that it is well possible to make Ею 
for a particular heterojunction coincide with one of the few available energies from 
the F I R laser bv simply adjusting the backgate voltage. 
An anti level-crossing of the subband-Landau-levels has also been observed 
around 7.2 T . the "half-field", as shown in Fig. 3.10. At this magnetic fieldstrength 
the filling factor for our samples with electron density of typically 2.5 χ l u 1 1 c m " 2 
is 1.5, so one expects transitions from the |0.0 > to the |0,1 > state and from the 
| 0,1 > state to a mixture of the ] 0.2 > and | 1.0 > states. Both transitions 
are observed in Fig. 3.10, where the |0.0 >—> |0,1 > transition is the main reso­
nance, with a resonance position which is not affected by the RSLC. The shoulder is 
gate-voltage dependent and is observed to shift from the low-held side of the main 
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Figure 3.9: The subband energy ^ ю determined 
from RSLC experiments at some different fixed en­
ergies of incident radiation. The backgate voltage was 
adjusted to make Ею coincide with пл. 
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F i g u r e 3.10: Transmission at a laser energy of 
E = 12 meV, showing the crossing of the | 0,2 > 
and | 1,0 > subband-Landau-levels in the transi­
tion from the | 0,1 > state, the "half-field" RSLC, 
as shoulders on the unperturbed resonance from 
the | 0,0 > to the | 0,1 > state. The curves cor­
respond to different values of the backgate voltage: 
(a) Vg = -50 V; (b) V. = 0 V; (c) Vg = 25 V. 
resonance to the high-field tail, when the subband energy spacing Ею is moved 
through the resonance energy. This shoulder represents the "half-field" coupling. 
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At half the field value the transition energy has only half the magnitude of 
the transition at full field, i.e. 12 meV. The splitting is considerably smaller for 
the same tilt angles. For example the splitting AB of Fig. 3.1 at 14 Τ is 0.24 
T, while the splitting of Fig. 3.10 at half field, ABV2, is 0.047 T. Calculations 
based on our triangular well model also produce a much smaller splitting at the 
"half-field" crossing. Note that the harmonic oscillator model [15, 16] does not 
predict the "half-field" anti-crossing. Recently Zaluzny [19] has shown that the 
"half-field" coupling is not observed when the potential V(z) is symmetric, which 
is the case for example in a parabolic harmonic oscillator potential and in a square 
well potential. Figure 3.11 illustrates the anti-level-crossing at the "half-field" where 
one considers the subband-Landau-level transitions from the | 0,1 > state to the 
hybridised | 0,2 > and | 1,0 > states. Ею - ^с is plotted, instead of a horizontal 
line Ею in Fig. 3.3. The relative weakness of the coupling is due to the fact that the 
overlap of the wavefunctions belonging to the zeroth Landau level of the first excited 
subband | 1,0 > and to the second Landau level of the lowest subband | 0,2 > is 
smaller than the overlap of | 1,0 > with | 0,1 >. 
ENERGY(meV) |<Ψ|ηΝ>|2 
10 
Figure 3.11: The transition energy relative to 
os the energy of the second Landau level of the 
lowest subband | 0,1 >, calculated for a tri­
angular well potential for θ = 10', left hand 
scale. Projections |< ij}\n,N >|2 of the eigcn-
states on the pure subband-Landau-level states 
| π, JV >, right hand scale; (1): |< «12 I 0, 2 >|2 
0 0 and (2): |< V'2 I 1,0 >|2. Within the resolution 
6 6 6 8 of this graph | < 0 з | 1,0 >|2 = \< ф2 | 0 , 2 > | 2 
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3.5 Line broadening and transition probability 
For a more quantitative analysis of the splitting of Fig. 3.1 we have calculated the 
transition probability using the wavefunctions £.>,: for these calculations assumptions 
had to be made concerning the shape and broadening of the Landau levels near the 
anti level-crossing. 
The transition probability from the ground state to the mixed state at an energy 
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Ef is calculated using Fermi's Golden Rule, where the electron-photon interaction 
is approximated by the electric dipole (ED) Hamiltonian: 
2π 
P(hu,B) = - £ l < t f / | 7 Í E D | 0 , 0 > | 2 è{Ef-E0-huj) 
ñ
 J 
= Τ ΣΣ,\<Ψί\η'Ν>< " . Λ Γ I WED Ι 0,0 > | 2 
ƒ n,JV 
x6(Ef - Εν - Ηω). (3.8) 
When the incident radiation is parallel to the magnetic field and only the most 
dominant projections are retained, i.e. those on | 0,1 > and | 1,0 >, one finds from 
Eq. (3.8) 
о— /Γ2-2 
Ρ{ηω,Β) = — - — Σ I \/2¿_LCOS<9 < ìpf \ 0,1 > +Ciosinél < ψ
ί
 | 1,0 >| 2 
/=1,2 
x6(Ef -Εο-Πω). (3.9) 
In order to be able to calculate the absorption lineshape, we have to assign to 
each of the eigenfunctions y, a lineshape Ft(ñ^) with a width δ, and to integrate 
Eq. (3.9) over the energy ηω. 
A homogeneously broadened Lorentzian lineshape gives very good agreement 
of the calculated absorption with the measured CR far away from the anti-level-
crossing, with typical widths of 75 /leV. However with the assumption of such a 
Lorentzian broadening the occurrence of two resonances at different values of the 
applied magnetic field, as in Fig. 3.1, is still not reproduced. Indeed, one can 
not expect that the lineshape will remain Lorentzian near the anti-level-crossing 
because of the following arguments: Consider the perturbation expansion of the 
coupling due to Tí'; the first order perturbation from the θ = 0 unperturbed energy 
will shift the energy of a broadened level without affecting its lineshape. The second 
order perturbation term, however, will cause a level-repulsion which is biggest for 
energy levels that are closest together, consequently, for two sets of levels that 
would be broadened initially with a Lorentzian lineshape, the difference in strength 
of the repulsion in the tails closest together and in the tails farther apart will cause 
the lineshape near the anti-level-crossing to become asymmetric, in such a way 
that for Φι the high-energy tail is steepened and for Φ2 the low-energy tail. In 
order to be able to handle this analytically, we have assumed that the tails have 
a Gaussian shape. This assumption is confirmed by density of states experiments, 
using diiferent techniques such as specific heat [22], magneto-capacitance [23] and 
photoluminescence [24], and several authors have found that a Gaussian lineshape 
on top of a constant background density of states gives a good description of their 
results. Figure 3.12 shows an example of the calculated absorption at an incident 
FIR energy equal to E10 and for different tilt angles. 
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Figure 3.12: Calculated lineshape of the tran-
sition for ña; = El0 = 21.85 meV and for various 
values of the tilt angle θ assuming a Gaussian 
broadening of the Landau levels. 
T h e calculated angle-dependence is stronger than experimentally observed. How­
ever our calculations clearly show that when the broadening of the levels is taken 
into account the splitting observed in Fig. 3.1 can be accounted for. 
3.6 S u m m a r y and conc lus ions 
We have observed splitting of the CR in a 2DEG due to resonant coupling of the 
| 0,1 > and | 1,0 >. and of the | 0,2 > and | 1,0 > subband-Landau-levels. This 
effect is observed in C R for fixed strength of the applied magnetic field and also for 
fixed energy of the incident radiation. 
RSLC enables one to determine the subband transit ion energy .Ею a n c l to study 
its variation with the electric field at the interface. We have demonstrated how this 
variation depends on the manner by which the carrier density is changed: With 
increasing electron density due to a backgate voltage the subband transition energy 
Ею is lowered, while it will be raised by an increase in density due to photoexcitation 
of charge carriers. 
We have shown that the coupling strength depends on the spatial extension of 
the subband wavefunctions through the matr ix elements z
nm
 and so gives valuable 
information on the shape of the interface potential. 
We have also shown that the resonances observed at fixed energy of incident 
radiation can be modelled with t h e wavefunctions calculated here using a Gaussian 
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broadening of the Landau levels. 
In conclusion, RSLC is a sensitive method to test interface potential calculations, 
it allows the direct determination of the subband energy structure, and the coupling 
strength gives information on the spatial extension of the subband wavefunctions. 
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Chapter 4 
Electron—LO-Phonon Coupling in 
GaAs—(Ga,Al)As Heterojunctions: t h e Polaron 
Effect 
ABSTRACT 
The cyclotron resonance of the two-dimensional electron gas in GaAs-(Ga,Al)As 
heterojunctions has been studied in the resonant polaron regime. A reflectivity 
technique has allowed the cyclotron resonance to be recorded at energies up to 
35.63 meV, within the GaAs reststrahlen band, and a calculation of the dielectric 
response of the complete heterostructure has enabled the effective masses to be 
reliably evaluated from the lineshapes and positions of the resonances. The results 
indicate that the 2D electrons are coupling to the longitudinal-optic (LO) phonon 
(36.7 meV), in agreement with theoretical predictions. 
Close to the LO-phonon energy, large shifts in the resonance position, of several 
times the linewidth, are found when N
s
 is varied. This large JV
s
-clependence ex­
plains previous conflicting reports of "enhanced" or "reduced" polaron effects in the 
2D electron gas. A comparison of the experimental results with existing Memory-
Function calculations of the polaron contribution to the effective mass indicates that 
the greater part of the iV
s
-dependence can be attributed to Landau-level occupancy 
effects. 
Parts of the work described in this chapter have been published in: 
- Phys. Rev. В 38, 13133 (1988): 
- High Magnetic Fields m Semiconductor Physics II, G. Landwehr ed., Springer Series in 
SoUd State Sciences 87, 449 (1989); 
- Proc. 19th Int. Conf. on the Physics of Semicond., W. Zawadzki ed., (Polish Acadamy 
of Science, Warsaw. 1988) p.243. 
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4.1 Polaron Coupling 
In a polar lattice an electron will attract the positively charged ions and repel the 
negative ones, and so surround itself with a lattice distortion. The combination of 
the conduction electron and its accompanying strain field is known as a polaron. 
The properties of a polaron differ from those of the band-electrons in binding (self) 
energy, effective mass and mobility. The polaron concept was introduced in 1933 
by L. Landau [1]. The strength of the electron-lattice interaction is measured by 
the dimensionless Fröhlich coupling constant α and is strongest in ionic crystals. In 
the covalent polar semiconductor GaAs the coupling is relatively weak, a Ä 0.07. 
but the polaron effect is significant compared to the band non-parabolicity. and has 
strong effects at energies near ftu^o (the resonant polaron effect). 
The interaction of a two-dimensional electron gas (2DEG) with optic phonons in 
polar semiconductor systems has been the subject of a great number of theoretical 
and experimental studies. In equivalent experimental studies of bulk (3D) semicon-
ductor systems [2 4] the electron density has usually been small ( « 1013 cm"3 in 
GaAs), so that the electrons satisfy Boltzmann statistics. The polaron effects are 
well described by one-polaron theories [3, 4]. However in most 2D systems, such as 
GaAs-Alj-Ga^zAs heterojunctions, the electron density is typically « 10 u cm - 2 , 
corresponding to a 3D electron density of » 1017 cm 3, and one-polaron theories 
are not necessarily valid. Initial theoretical work [5- 7] on the 2DEG was based on 
one-polaron approximations, and predicted an enhancement of the polaron effects 
over those in corresponding bulk systems, due to the relaxation of the need for wave-
vector conservation in one direction. The available experimental data indicated 2D 
polaron effects which were both reduced [8-12]. comparable [13] and enhanced [9, 14] 
with respect to those in bulk systems, and so subsequent theoretical approaches 
have included the finite extension of the electron wavefunction perpendicular to the 
2DEG [15-17] and many-particle effects, such as dynamical screening [18, 19] and 
the Landau-level occupation effect arising from the Fermi-Dirac statistics [19]. Both 
of these effects tend to reduce the coupling strength, and the theories have been 
fairly successful in describing the energy dependence of the cyclotron effective mass 
in GaAs -Alj-Gaj-j-As heterojunctions at low temperatures and in magnetic fields up 
to 20 Τ [19]. At higher temperatures the effective mass was found to increase, [20] 
and this was ascribed to an increase in the polaron contribution to the effective mass. 
This variation in the polaron effect has been attributed to temperature-dependent 
screening [20], polaron non-parabolicity [21, 22] or possibly the transition to non-
degenerate statistics. Generally, in most of the above work, it has been assumed 
that the electrons in the 2DEG couple to longitudinal-optic (LO) phonons, as in 
bulk semiconductors. However, recently both cyclotron resonance (CR) [23] and 
magneto-phonon resonance (MPR) [20^  experiments performed on a variety of semi­
conductor heterojunctions have indicated apparent weak coupling of 2D electrons 
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to a phonon of lower frequency, closer to the transverse-optic (TO) phonon. On 
the other hand, cyclotron resonance results on lower-carrier-density quantum wells 
[24] showed stronger coupling close to the LO-phonon frequency. The former re-
sults are very surprising, and if true, have implications for hetcrojunction devices 
working at room temperature, where the dominant scattering of electrons is due to 
optic phonons. In this paper we have used cyclotron resonance measurements on 
the well-characterised GaAs-Alj.Gai ¡„As heterojunction system, to check to which 
optic phonon the electrons are coupling, and to assess the importance of screening 
and occupation effects, in order to explain some of the above-mentioned conflicting 
experimental data. 
The energy spectrum of an electron in a magnetic field becomes quantised into 
Landau levels, and these are modified by the polaron effect in the following ways 
[25]: 
1. they are shifted to lower energy; 
2. the slopes of the Landau-level energies versus magnetic field are changed be-
cause of the mass renormalisation of the electron; 
3. the Landau levels do not cross the virtual energy level formed by the lowest 
Landau level plus one optic phonon, because of von Neumann's anti-crossing 
principle; 
4. the Landau levels are pinned to the energy of that virtual level in high magnetic 
fields [26, 27]. 
In a cyclotron resonance experiment, the separation of adjacent Landau levels, fiu;c, 
is measured as a function of magnetic field B. allowing the effective mass τη* to 
be deduced from the relationship rn* = heB/huj,.. Due to the modifications to 
the Landau levels described above, at cyclotron energies below the optic phonon 
energy, the measured effective mass will be greater than the band-structure mass, 
and increase due to the resonant polaron interaction [i.e. the level anti-crossing) as 
the optic phonon energy is approached; after traversing the optic phonon energy (the 
resonant polaron condition), an effective mass smaller than the band-structure mass 
will be observed [27]. The cyclotron energy at which this discontinuity occurs is thus 
a very good indication as to the phonon lo which the electrons are coupling, and 
the size of the discontinuitv provides a measure of the strength of the interaction. 
enabling the influence of carrier density eie. to be probed [27]. 
A problem with this technique when applied to GaAs-Al^Gai-^As heterojunc­
tions occurs between the GaAs TO- and LO-phonon frequencies, where there is 
virtually no far-infrared (FIR) transmission through the GaAs substrates on which 
most high-quality heterojunctions are grown. This makes it impossible to observe 
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Table 4.1: Characteristics of the samples used in this study. 
1
 G 29 I 
caplayer GaAs 
doped (Ga,AI)As 
ND 
spacer (Ga,Al)As 
χ (Al fraction) 
N
s
 (dark) 
μ (dark) 
N. (light) 
μ (light) 
sample: | G 156 
ΊΪΟΟΊ 
500 Â 
1.38 χ ΙΟ18 cm ' 3 
800 Â 
33 % 
cm 
, 2 / 
1~70Ä 
400 À 
1.30 x 1018 cm - 3 
400 Â 
32% 
1.4 χ 1011 спГ 2 
2.0 χ 105 cm2/Vs 
3.4 χ 1011 c m - 2 
G 278 
1.0 x 106 cm2/Vs 
І . Э х П Р с п Г
2 
1.8 x 106 cm2/Vs j 1.2 x 10f> cm2/Vs | 1.3 x 10e cm2/Vs 
~20θΤ 
400 Â 
1.33 x 1018 cm"3 
200 Â 
3 3 % 
3.4 x 1011 cm 2 
8.8 x 105 cm2/Vs 
5.4 x 1011 cm"2 
the resonant polaron effect in the usual transmission configuration adopted for cy-
clotron resonance. We have circumvented this difficulty by studying the cyclotron 
resonance in a variety of GaAs-Al^Ga^^As heterojiinctions using FIR reflectivity 
at energies very close to the GaAs LO-phonon frequency. These measurements in-
dicate that the dominant interaction of 2D-electrons in a heterojunction is in fact 
at the GaAs LO-phonon frequency, as in bulk semiconductors. The strength of the 
resonant polaron effect has been found to decrease dramatically with increasing 2D 
carrier density, illustrating the importance of occupation effects and screening. In 
Sec. 4.2 the details of the samples and measurement techniques are summarised. In 
Sec. 4.3 model calculations of the dielectric response of a heterojunction are pre-
sented: these are used to reliably extract the effective masses of the electrons from 
the reflectivity data. The results are discussed in Sec. 4.4, with particular refer-
ence to the electron-density dependence of the polaron effect, and compared with 
numerical calculations. 
4.2 Experimental details 
The GaAs-Alj-Gai-jAs heterojiinctions used in the experiments were grown by 
means of molecular-beam epitaxy [28]; sample details are shown in Table 4.1. 
The samples had 2D areal electron densities (JVS) ranging from 0.8 χ 1 0 u cm 2 
to 3.4 χ 1011 c m - 2 in the dark; ATS values up to 5.4 χ 10
11
 cm"
2
 were achieved by 
illumination with a red light-emitting diode (LED). The electron concentration was 
determined in each case from low-field Shubnikov-de Haas oscillations. 
FIR radiation at frequencies close to the GaAs reststrahlen band was provided 
by a specially-adapted optically-pumped laser [29]. and the high magnetic fields 
necessary for the resonant polaron condition were provided by a 25 Τ hybrid magnet 
or 20 Τ Bitter coil. The sample under study was placed at the magnet field-centre. 
with its upper surface 1 mm below a conical light-guide from which the FIR radiation 
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emerged: the diameter of the exit orifice of the cone was 1.5 mm (see Fig. 4.1). 
TRANSMISSION 
BOLOMETER 
Figure 4.1: The experimental arrangement for reflectivity inea&uremeiits 
The substrate of the sample was wedged in order to prevent multiple reflections 
within the sample, and a consequent distortion of the resonance lineshape [30]. Great 
care was taken to position the sample so that the 2DEG was exactly perpendicular 
to the magnetic field, in order to avoid any modifications to lineshape and resonance 
position due to small in-plane magnetic fields. A carbon bolometer was placed above 
the sample just to one side of the cone, in order to detect the reflected radiation. 
The top layers of the samples are a few hundred A thick, so that in reflectivity the 
FIR has only to traverse this distance twice, instead of the 200 μηι thick substrate 
in the case of transmission. Similar bolometers were placed below the sample and 
in the light-guide above the cone, in order to monitoi the transmitted and incident 
FIR radiation respectively, so that normalised transmission and reflection spectra 
could be simultaneously recorded. The sample and bolometers were immersed in 
helium exchange gas at a temperature of Τ ss 1.3 К. 
Figure 4.2 shows typical normalised reflectivity data for two different values 
of the 2D carrier density. At photon energies outside the reststrahlen band (i.e. 
haj << 33.9 meV). the CR is observed as a peak in reflection [10]. except at very low 
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carrier densities. However, within the reststrahlen band (33.9 < ϋω < 36.7 meV), 
the CR appears as a minimum in reflectivity. Qualitatively, the latter result is due 
to the superposition of cyclotron absorption upon the very high reflectivity of the 
GaAs substrate: at the resonance field radiation is absorbed by the 2DEG before 
and after reflection from the GaAs, so that the reflected radiation is diminished. 
Note that in both cases the CR for the higher carrier density (curves b in Fig. 4.2) 
occurs at significantly lower magnetic fields, indicating a lower effective mass. This 
shift to lower field is much larger within the reststrahlen band (г.е. closer to the 
LO-phonon energy), and this is a visible manifestation of the suppression of the 
resonant polaron effect due to the increasing carrier density, which will be discussed 
below. The inset to Fig. 4.2 shows the CR in reflectivity and transmission, and 
demonstrates that, outside the reststrahlen band, the peak position in reflectivity 
corresponds to the minimum in transmission [10]. 
6 0
 KT) 6 A 
E=31 05 meV 
(a) 
E=356meV 
185 195 220 230 
Magnetic field (T) 
2A.0 
Figure 4.2: Normalised reflectivity for GaAs-Al^Gai^As heterojuuetion 
G278 at two different cyclotron energies, 31.05 meV and 35.63 meV, below 
and within the reststrahlen band respectively. Data are shown for two carrier 
densities, N
s
 - 3.4 χ lü11 cm"2 (a) and 5.4 χ 1011 cm"2 (b). Note that the 
resonance іь shifted to lower fields for the higher TV,. The inset shows simulta­
neously recorded reflection and transmission traces at 10.43 meV, showing that 
outside the reststrahlen band, the peak position in reflectivity corresponds to 
the transmission minimum. 
4.3 Dielectric response of a heterojunction 
The first reports of apparent weak resonant polaron effects at the TO-phonon fre­
quency were made as a result of transmission meaburements on high-carrier-density 
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(Ga,In)As heterojunctions grown on InP [23, 24]; the apparent very weak coupling 
was observed as a small discontinuity in the position of the minimum in transmis-
sion. Recently, Karrai' et al. [31] have made a careful calculation of the dielectric 
response of such a heterojunction, and have shown that these apparent resonant 
polaron effects and the observed cyclotron resonance lineshapes can be explained 
as merely a consequence of the rapidly-varying refractive indices of the component 
semiconductors: no polaron effects were necessary to reproduce the experimental 
results. 
The work of Karrai et al. [31] illustrates the danger of simply associating the 
transmission minimum with the resonance position, close to the reststrahlen band. 
In order to evaluate the effective mass correctly from results such as the ones shown 
in Fig. 4.2, it is therefore necessary to calculate the full dielectric response of the 
heterostructure. For this purpose the sample is considered as three sections, a 
(Ga,Al)As top layer, followed by the 2DEG, which is assumed to reside within a 
thin layer of thickness d (~ 250 Â) of GaAs, and finally the GaAs buffer layer and 
substrate, a few tenths of a mm thick, behind them. It was found that the exact 
thickness chosen for the layer containing the 2DEG made little difference to the 
results: the thicknesses of the other layers are taken from the sample growth data 
(Table 4.1). The dielectric responses of the GaAs and the (Ga,Al)As are described 
using a classical single-mode clamped harmonic oscillator model: 
Í 2 2 \ 
gool^LO ~ ^TO I 
αλρο — ίϋ
2
 — ìfaJ 
where αίχο is the frequency of the TO phonon, f,» is the high-frequency dielectric 
constant and 7 is a damping parameter. In the case of (Ga,Al)As this expression rep­
resents an approximation, as another "AlAs-like" set of optic phonons exist at much 
higher energies: however, these appear to make little difference to the calculated 
response close to the GaAs reststrahlen band, and so were omitted for simplicity. 
Table 4.2: Parameters used to represent the dielectric response of GaAs-
Alj.Ga1-3.As heterojunctions. 
f
oo 7 ^LO "''TO 
£meV) _(meV)__(meV)_ 
"lOT9~ O F ' "36.7 З З Т 9 -
10.9 0.31 35.0 33.4 
((ω) = foc + — , — — , - - - • · ΐ 4 · 1 ' 
GaAs 
(Ga, Al) As 
The phonon energies and damping parameters used in these expressions are 
shown in Table 4.2 and were obtained from the literature [32]. The classical 3D 
Drude form of the conductivity in a magnetic field is used to treat the 2DEG [33]: 
.
 λ
 п 5 с
2
 {1/т) + і(*>±*і
е
) 
771* (1/τ-η + (ω±ω<;)2' 
(4.2) 
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where ω0 = еВ/т* is the cyclotron frequency, ns is the equivalent 3D electron 
concentration of the 2DEG (N
s
/d). and r is a relaxation time related to. but not 
in general equal to, that given by the dc mobility [34]. Subsequently the dielectric 
response of the 2DEG is given by: 
е И = fGaAsM + - - - - . (4.3) 
Alternatively the interaction of the FIR radiation with the 2DEG can be modelled 
by deriving the Drude polarisability of an infinitely thin 2DEG [35-39]. The latter 
approach and Eq. (4.3) both yield identical results, as the thickness of the 2DEG 
represents a length much shorter than the FIR wavelength. Note that the Drude 
conductivity, given by Eq. (4.2), or the Drude polarisability of Ref. [35] do not 
take any account of Fermi-Dirac statistics and occupation effects, and thus can only 
be used to represent the response of the 2DEG accurately when the system is in 
either the high-density limit (large Landau-level occupation number) or the quantum 
limit (at high magnetic fields where the occupancy is less than 2). At intermediate 
field&trengthaJhe oscillating level-occupancies and transition matrix-elements may 
lead to differences from the Drude predictions [40]. 
The total dielectric response of the heterojunction is then found by solving the 
continuity equations for the electric and magnetic fields of the photon at all inter­
faces: vacuum (Ga,Al)As; (Ga,Al)As-2DEG; 2DEG GaAs; GaAs-vacuum. This is 
totally analogous to the transfer-matrix method [31, 41]. The wedging of the sam­
ple substrate was simulated by averaging calculations for many different substrate 
thicknesses. Figure 4.3 shows that our dielectric response model predicts both max­
ima and minima in reflection, dependent on the energy of incident radiation, and 
that even asymmetric lineshapes may be expected at energies around the phonon 
energies. 
In order to illustrate the regions in which a full simulation of the heterojunction 
dielectric response is necessary, we have calculated the position of the extremum 
in reflectivity (peak outside reststrahleii band; minimum inside) as a function of 
energy in the absence of resonant polaron effects. The energy dependence of the 
cyclotron effective mass due to band non-parabolicity was described by the following 
expression [11, 13, 42]: 
J(E') = ^ ö ) ^ 2 ^ · (4·4) 
This relation has been found to represent existing data well and is a simplified version 
of Eq. (4.5), to be discussed below. E^ is the gap at the Г-point; the parameter 
кг is known both from low-energy cyclotron resonance measurements [4, 11. 43, 44] 
and recent 14-band theoretical treatments of GaAs [43, 45], and its value is close 
to N2 = -1.4. The "zero-energy" effective mass 7Π*(0) is chosen to be 0.0672 m
e
, 
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Figure 4.3: Reflectivity signal calculated from the dielectric response model. 
At energies below and above the reststrahlen band the model predicts maxima 
in the reflectivity, while in the reststrahlen band a minimum is found. 
in order to fit the lower energy results well: this enhancement over the bulk band-
edge effective mass is due to confinement [11] and some renormalisation due to the 
non-resonant part of the polaron effect [5, 6, 7, 13, 16, 17, 19, 26, 27]. A (Ga.Al)As 
top-layer thickness of 600 À, a 2DEG thickness of 250 À and a 2D carrier density 
of 3.4 χ 1011 cm" 2 were assumed. 
Figure 4.4 shows the results of the calculation; the effective mass which would 
be derived by assuming that the reflectivity extremum represented the resonance 
position has been plotted as a function of energy in (b). At energies outside the 
reststrahlen band, the extremum in reflectivity occurs at a magnetic field very close 
to the true resonance position. However, on passing through the optic phonon ener­
gies, the extremum moves discontinuously, and within the reststrahlen band deviates 
from the lesonance field position. The largest deviation occurs just below the LO-
phonon energy. Note that the discontinuities and deviations would be different if the 
transmission minimum positions were plotted instead of the reflectivity extremum 
positions [31]. In addition, the full-width at half-maximum (FWHM) of the reso­
nance in reflectivity predicted by the model has been plotted in Fig. 4.4a: as г is 
kept constant at 10.6 ps in the calculation, the increase in linewidth close to the 
LO-phonon energy shown here is due solely to dielectric effects. 
Such calculations dictated the procedure for analysing the experimental results. 
At energies far away from the reststrahlen band the experimental maximum in the 
reflectivity was taken as the exact resonance position, whereas close to and within 
the reststrahlen band, the model for the dielectric response of the heterojunction 
was used to extract the cyclotron effective mass from the experimental reflection 
and transmission data: the (Ga,Al)As layer thickness was taken from the growth 
data (Table 4.1) for each sample, and then the effective mass m* and the scattering 
time τ were varied. It should be noted that all of the samples have carrier densities 
such that the electrons arc all in the lowest Landau level at fields well below those 
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Energy (meV) 
Figure 4.4: The cyclotron resonance linewidth 
(FWHM) (a) and the effective mass m' derived 
from the reflectivity extremum position (b) as a 
function of energy in the absence of resonant pe­
laron effects, calculated using the dielectric re­
sponse model described in the text. The vertical 
lines indicate the phonon energies: between the 
TO- and LO-phonons the reflectivity shows a 
minimum near resonance, whereas the response 
is a peak outside this region. 
corresponding to the reststrahlen band energies, and so Drude-likc expressions for 
the conductivity of the 2DEG are expected to represent its response reasonably well 
[40] T h e model can reproduce the observed lineshape (Fig. 4.5 shows a typical 
result) indicating that this is a reliable method of extracting the effective mass and 
scattering time of the electrons. 
§ 084 
g 080 
В 076 
0 72 
E=356meV 
NS=3A-10
11
 cm"2 
23 24 
Magnetic field (T) 
25 
Figure 4.5: Calculated reflectivity signal (solid line) compared to experi­
mental data (points) for a cvclotron energv of 35.63 meV and a carrier den­
sity 3.4 χ 101 1 c m " 2 . The fitting parameters used were m* = 0.07787 m
c 
Directly from the peak position one would have obtained 
1 1 
and r — 1.99 ps. 
m* = 0.0781 m
e
. 
Before proceeding to the experimental results, it is useful to briefly examine fur-
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ther some of the general features of the simulated reflectivity data. Figure 4.6 shows 
a set of results of the model calculations for a FIR-radiation energy of 10.43 meV and 
for several values of the 2D electron concentration: an effective mass of 0.0674 m
e 
and a scattering time of 10.6 ps have been assumed. The superposition of all the 
dielectric responses results in general in a peak in the region below the reststrahlen 
band. At low carrier densities, however, the CR is seen as a clip, which is most pro­
nounced at N
s
 = 0.3 χ 1011 cm - 2 . The inset to this figure shows the reflectivity of 
a heterojunction with very low carrier density, showing that the reflective response 
can indeed occur as a dip in this regime. 
5.6 5.6 6.0 6.2 6.4 6.6 
Magnetic field (T) 
Figure 4.6: A set of results from model calculations at 10.43 meV for several 
values of iV
s
: the predicted reflectivity signal shows a dip at the resonance 
position at very low carrier densities, but a peak at high carrier densities. 
The traces for each density have been vertically displaced for clarity. The 
left hand inset in the figure is an expansion of the resonance close to the 
transition from peak to dip. while the right hand inset shows the experimental 
cyclotron resonance in reflectivity at 31.05 meV for a heterojunction with 
JVs = 0.3 x 1011 cm "2: as predicted, the resonance can be found as a dip (cf. 
Fig. 4.2). 
4.4 Discussion 
Ζ) 
ή 
L·. 
3. 
• > 
The effective masses deduced from the experimental data as described above are 
shown as a function of cyclotron energy in Figs. 4.7 and 4.8 for two samples and for 
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a variety of different carrier densities. The heterojunction effective masses show a 
gentle background increase as a function of energy, due to the band non-parabolicity 
[11], upon which the resonant polaron contribution to the effective mass is super­
imposed. At low carrier densities and at cyclotron energies above 25 meV, the 
effective mass increases much faster with energy than expected from the band non-
parabolicity alone: this is due to the resonant polaron effect. As a consequence of 
this rapid increase in effective mass and the resonant increase in CR linewidth (see 
below), CR could not be observed within the reststrahlen band for these low carrier 
densities with the magnetic fieldstrengths available. On increasing the 2D carrier 
density, the mass enhancement due to the resonant polaron effect is reduced: e.g. in 
sample G29 at iV
s
 = 3.4 χ IO11 cm" 2 , the CR at an energy of 35.63 meV was observed 
at 24.16 T. This point lies close in energy to the LO-phonon, and represents a mass 
enhancement of around 10% over the value expected from band non-parabolicity 
alone (see below). As the effective mass still appears to be increasing at this energy, 
coupling to the LO phonon is indicated. On further increasing the carrier den-
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Figure 4.7: The effective mass obtained from the measurements versus CR 
energy for sample G29 at three values for the 2D electron concentration ЛГ5. 
The TO- and LO-phonon energies are shown as vertical dashed lines. 
sity, using sample G278, the CR magnetic field at an energy of 35.63 meV falls from 
23.79 Τ at iV
s
 = 3.45 χ 10" cm" 2 to 22.64 Τ at Λ; = 5.42 χ IO11 cm" 2 , a shift which is 
several times larger than the resonance linewidth (see also Fig. 4.2). The latter field 
represents a mass enhancement of less than 3% over the value calculated from band 
non-parabolicity alone. It can be seen from Fig. 4.8 that for N
s
 = 5.4 χ IO11 cm 2 , 
the resonant polaron contribution to the effective mass is much reduced: however, 
data points just below and above the TO-phonon energy show a smooth increase in 
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Figure 4.8: The effective mass obtained from the measurements versus CR 
energy for sample G278 at two values for the 2D electron concentration 7VS. 
The TO- and LO-phonon energies are shown as vertical dashed lines. 
effective mass, continuing as the LO-phonon energy is approached. Thus, there is 
no indication of TO-phonon coupling, even at these high carrier densities. Note that 
at this carrier density, the low-energy effective mass oscillates due to filling-factor 
effects [38, 39, 47]. 
It seems, therefore, that the cyclotron resonance indicates a resonant polaron 
effect at the LO-phonon frecjucncy, and hence electron-LO-phonon coupling, in 
contrast to the magnetophonon results which indicated coupling to a phonon in­
termediate between the TO- and LO-phonon energies [20, 48]. In addition, the 
electron-phonon coupling strength appears to be dramatically reduced as the 2D 
carrier concentration is increased. We show this more explicitly in Fig. 4.9, where 
the effective mass at five different cyclotron energies is plotted as a function of the 
2D electron concentration. For each energy, Fig. 4.9 shows a decrease of the effective 
mass as І , is increased. The size of this decrease becomes progressively larger as the 
energy approaches the LO-phonon energy. This is a manifestation of the suppression 
of the resonant polaron contribution to the effective mass. 
For comparison some data from bulk GaAs are shown together with the hetero-
junction data in Fig. 4.10 [4, 8, 44, 4G]. As one can see, it is impossible to draw a 
conclusion about the relative strength of the polaron effect in bulk and 2D systems 
from this figure. The true strength of the polaron effect is somewhat masked by other 
factors depending on either N
s
 (e.g. subband confinement energy) or energy (band 
non-parabolicity). It is thus necessary to remove these band-structure-dependent 
factors from the data for a valid assessment of the polaron effect. This is also desir-
62 Chapter 4 
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Figure 4.9: The effective masses at several 
cyclotron energies as a function of the 2D 
electron concentration. Experimental data 
are shown as points: the solid lines are guides 
to the eye. The dash-dotted line shows the 
calculated iV
s
-dependence of the mass for an 
energy of frix>
c
 = ОЯпшю, from Ref. [17]. 
able if a comparison of data and theory is to be made, as all theoretical treatments 
derive the cyclotron mass with respect to the band-structure effective mass, а сщап-
tity which cannot be measured directly [49]. In order to represent the dependence of 
the effective mass on iV
s
 and energy in the absence of polaron effects, the following 
expression, valid for electron energies much less than the band-gap of GaAs, is used 
[50]: 
-L· = Aa+>-(£+<r >-)), 
mt(E) 1Щ E. (4.5) 
where mj is the bulk GaAs band-edge effective mass, < Τ >, represents the kinetic 
energy due to confinement in the direction perpendicular to the interface (z), and 
кг is defined as before (Eq. (4.4)). At fields above the quantum limit, the cyclotron 
resonance transition occurs between the first and second Landau levels, and so E, the 
electron energy in the plane of the heterojunction. is set equal to the average energy 
of these levels, i.e. E = hu>
c
. Note that in a heterojunction < Τ >; is not equivalent 
to the subband energy, and must be derived from the form of the wavefunction 
perpendicular to the interface. A suitable means of estimating < Τ >
:
 is to use the 
variational wavefunction of Fang and Howard [50, 51]: 
Φο(-) = fa3*ze -3; 2 (4.6) 
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Figure 4.10: The effective mass obtained from the measurements versus CR 
energy at two values for the 2D electron concentration Ns. The TO- and 
LO-phonon energies are shown as vertical dashed lines. The data from bulk 
GaAs are shown for comparison (o : Refs. [4, 46); • : Refs. [8, 44, 46]: these 
masses axe an average of the spin-up and spin-down cyclotron resonances for 
the [1 0 0] and [1 1 0] directions). 
where 33 = 12m2e2(iVdep + llNs/Z2)/ee0h2, with iVdep equal to the depletion charge 
density. < Τ >z is then obtained from the following expression: 
< T > Z = 
h2ß2 
8т*0' 
(4.7) 
The depletion charges for the samples used in this study have previously been esti­
mated to be ~ 3 χ 1010 c m - 2 from measurements of the subband separation [50] and 
this value was used to calculate < Τ >
ζ
·. typical values obtained were » 10 meV. 
Cyclotron resonance measurements on bulk GaAs have revealed a low-energy cy­
clotron effective mass of 0.0660 m
e
 [4, 43, 44]: this value includes the 3D polaron 
dressing, which can be removed by dividing by l + (a/6) [26], where α is the Fröhlich 
coupling constant, to give a bulk GaAs band-edge effective mass mg — 0.0652 me. 
«2 was again chosen to be —1.4 in order to represent the band non-parabolicity 
[4, 43, 50]. 
With the substitution of these parameters into Eq. (4.5) we have an estimate of 
the energy-dependent effective mass of the heterojunction electrons in the absence 
of polaron effects. Figure 4.11 shows the experimental effective masses for four 
different carrier densities, Ns = 0.8, 1.4, 3.4, and 5.4 χ 1011 cm 2 , normalised 
using the masses тпЦЕ) obtained from Eq. (4.5): in the absence of polaron effects, 
the normalised masses would be unity. With the energy dependence due to the 
64 Chapter 4 
E 
1.10 
1.0Θ 
1.06 
LOA 
1.02 
1.00 
-
— 
-
— 
-
" 
+ 
• 
• 
N S 
08 
1.4 
3.4 
5.4 
I 
IO11 cm"2) 
G156 
G 29 
G 29 
6 278 
— ï *¡ 
I 
* 
I 
» • 
·· 
I 
V»' 
' . 
'и 
• 
I 
• 
/ / 
/ / 
* / 
ι ι 
10 30 35 15 20 25 
Energy (meV) 
Figure 4.11: The normalised effective mass m*/ml as a function of energy 
for four different 2D electron concentrations. The experimental data, shown 
as points, aie normalised using the procedure to remove band non-parabolicity 
described in the text. Low energy data for N
s
 = 5.4 χ IO11 cm 2 have been 
omitted for clarity. Normalised bulk GaAs data are shown as a dash-dotted 
line for comparison (the same data as in Fig. 4.10). The theoretical predictions 
of the Memory-Function model [19] for N
s
 = 4.0 χ IO11 cm - 2 are shown as a 
solid line. 
band non-parabolicity removed, the size of the polaron contribution to the effective 
mass becomes very apparent: most notable is that the effective mass for N
s
 = 
5.4 χ 1010 c m - 2 is virtually unenhanced until very close to the LO-phonon energy, 
suggesting that the non-resonant part of the polaron effect is almost totally absent 
and that the resonant part is very small. As N
s
 decreases, both the non-resonant 
and resonant parts of the polaron contribution to the effective mass become larger. 
In order for a comparison with the limit of zero N
s
 to be made, normalised data 
for bulk GaAs [4, 8, 44, 46] are also shown in Fig. 4.11 as a dash-dotted line (the 
same data as in Fig. 4.10): as the carrier densities in these samples are very low, the 
normalisation has been carried out simply by setting < Τ >. to zero in Eq. (4.5). 
At low energies (< 15 meV), where the enhancement of the effective mass is almost 
totally due to the non-resonant (i.e. energy-independent) part of the electron-LO-
phonon interaction [27], the heterojunction effective masses lie below the bulk data, 
but approach them as N
s
 tends to lower values. This is in satisfying agreement with 
the predictions of one-polaron theory, derived in the limit of low density and no 
screening, but including the finite width of the 2DEG [27], which predicts a non-
resonant part of the polaron effect which is the same in 2D and 3D. Above the low 
energy region (> 15 meV), the resonant polaron enhancement of the heterojunction 
effective masses starts to become important at relatively high energies compared 
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to the bulk data. However, as the LO-phonon energy is approached, the effective 
masses in the low-density heterojunctions start to increase more quickly than the 
bulk mass. By 33 meV, the total (resonant and non-resonant) polaron contribution 
to the effective mass in the heterojunction with iV
s
 = 1.4 χ IO11 c m - 2 appears to be 
enhanced over that in the bulk data, and to be increasing more rapidly with energy: 
the data for the lower-carrier-density heterojunction with N
s
 = 0.8 χ IO11 c m - 2 shows 
an even steeper increase with energy. Thus, at energies close to the LO phonon, 
and for low 2D carrier densities, the resonant part of the polaron effect in GaAs-
Al3,Ga1_a.As heterojunctions appears to be enhanced over that in bulk GaAs. This is 
again in qualitative agreement with the one-polaron finite-width 2DEG theory [27], 
although the functional form of the resonant contribution predicted differs from the 
experimental results. 
In order to assess the factors contributing to the strong iV
s
-depeiidence of the 
polaron effect, we must obviously turn to a more sophisticated theory. Polaron 
effects in GaAs-Alj-Gai ^As heterojunctions have been extensively modelled using 
a Memory-Function approach, in which the shift in the cyclotron resonance peak 
due to the polaron effect is calculated [17, 19, 27, 49]. This method calculates 
the Memory Function using second-order perturbation theory, treats the electrons 
and phonons as decoupled and includes only phonons at thermal equilibrium: the 
electron system can then be calculated within a variety of different approximations 
[19]. It was found that the non-zero width of the 2DEG considerably reduces the 
polaron contribution to the cyclotron effective mass [17, 27], by a factor of order two 
for TVs = 4ХІ0 1 1 cm" 2 : the spatial extent of the lowest subband in the heterojunction 
decreases as N
s
 is raised [52], and this should enhance the polaron effects. If the 
lowest Landau level is almost filled, the resonant part of the polaron effect will be 
suppressed, as the Pauli exclusion principle will reduce the number of final states for 
this virtual transition: the inclusion of the occupation probabilities of the Landau 
levels in the Memory-Function treatment [49] leads to a reduction of order 1.7 for 
Nf, = 1011 c m - 2 at Λω0 « О.выш- The inclusion of static screening causes a further, 
but smaller reduction: interestingly, there is little difference between the effect of 
static and dynamic screening [19]. The net result of these effects predicted by the 
calculations for GaAs-A^Ga^j-As heterojunctions was found to be a reduction of 
the polaron effect as iV
s
 increases, the strongest A^-dependence of the suppression 
being due to the occupation effect. 
In Fig. 4.11 we have plotted the results of these Memory-Function calculations 
[19] including occupation effects, dynamic screening and the finite thickness of the 
2DEG. as a solid line. The theoretical curve, which wai> derived for iV
s
 = 4 χ 
IO11 cm" 2 , and which thus should lie between the experimental results for N
s
 = 3.4χ 
IO11 c m - 2 and 5.4 χ 1 0 u c m - 2 seems to overestimate the polaron contribution to the 
effective mass between 25 meV and 32 meV, but lies between the experimental results 
closer to the LO-phonon energy. This reasonable agreement between experiment and 
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theory suggests that the major part of the experimentally-observed ^-dependence 
of the strength of the polaron effect is due to occupation effects. In fact the observed 
suppression of the polaron effect seems to be even stronger than predicted by the 
theory, and this may be due to the neglect of the spin-splitting in the Memory-
Function model. The spin-splitting will be comparable to the width of the Landau 
levels in these samples at reasonably low fields, and the existence of two well-resolved 
spin-split halves of the Landau levels will dramatically reduce the apparent number 
of final states available for the resonant polaron effect, which is spin-conserving. 
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Figure 4.12: The cyclotron resonance lincwidth (FWHM) from the reflectiv­
ity data as a function of energy for several electron densities. The points are 
experimental data, and the lines are guides to the eye. Low energy data for 
N% = 5.4 χ 10
11
 cm'
2
 have been omitted for clarity. 
As a final remark on the experimental results, it should be noted that the cy­
clotron resonance linewidths also illustrate the effect of the electron phonon coupling 
graphically. In Fig. 4.12 the observed linewidths are plotted for various different car­
rier densities as a function of energy. The influence of the polaron effect is seen as 
a strong increase in linewidth due to decreases in r as the LO-phonon frequency 
is approached: by comparison with the theoretical prediction in Fig. 4.4 it can be 
seen that this increase in linewidth cannot be due to the dielectric response alone. 
The energy where the linewidth starts to increase depends strongly on the electron 
density, and coincides with those points where the effective mass starts to deviate 
from the straight band non-parabolicity lines (cf. Figs. 4.7 and 4.8). Also the bend­
ing of the Landau levels cannot account for the huge increase in the linewidth. The 
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evidence for this is also seen in the values of r used to fit the experimental data: 
these are shown in Table 4.3, and a strong decrease in r is seen as the LO-phonon 
energy is approached due to the emergence of optic phonon emission as another scat­
tering mechanism. Increasing iV
s
 suppresses this, so that the start of the increase in 
linewidth (or decrease in τ) is moved to higher energies, and the size of the effect is 
reduced. In this way the linewidth exhibits the characteristics of the iV
s
-dependence 
of the polaron effect in the same way that the effective mass does. 
Table 4.3: m* and г derived from fitting to experimental CR traces, il­
lustrating the decrease in τ and increase in m* as the LO-phonon energy is 
approached. 
N
s
: 
E (meV) 
35.63 
32.76 
31.05 
30.78 
29.98 
29.41 
G 29 
1.4 χ IO11 cm" 2 
т*/тп
е
 τ 
0.07529 
0.07351 
0.07335 
0.07291 
i? 8 ! 
1.6 
G 29 G 278 G 278 
3.4 χ IO11 cm- 2 I 3.4 χ IO11 cm" 2 | 5.4 χ IO11 
m* 1 m с т (ps) 
0.07851 1.4 
0.07325 10.9 
3.3 , 0.07243 13.8 
3.6 
6.4 
m*/m
e
 τ 
0.07731 
0.07303 
0.07196 
I 
0.07172 22.8 ! 
(ps) 
2.6 
7.2 
тп*/т
е
 τ 
0.07356 
0.07155 
20.7 ¡ 0.07117 
0.07111 
:m-2 
(ps) 
6.3 
12.8 
14.6 
85.0 
The above results indicate that, in the limit of low carrier density, the non-
resonant part of the polaron effect in GaAs-AljGai-^As heterojunctions approaches 
that in bulk GaAs, but that the resonant polaron effect may be slightly en-
hanced over that in the bulk. Increasing the 2D carrier density rapidly suppresses 
the electron-LO-phonon interaction, clue chiefly to occupation effects, so that by 
Λ'5 = 5.4 χ 10
11
 c m
- 2
, the polaron dressing of the effective mass has almost com­
pletely been removed, except very close to the LO-phonon energy. These results go 
some way towards explaining the apparently conflicting reports of "enhanced" and 
"reduced'' polaron effects in various systems. In the case of accumulation layers on 
(Hg,Cd)Te [9], the enhanced polaron effects were observed in the fourth subband, 
with a very low Landau-level occupancy: in the very degenerate lowest subband, 
there was little or no polaron effect apparent, and small anomalies in the resonance 
position were probably due to the dielectric response of the (Hg,Cd)Te close to the 
TO-phonon energy. In heterojunctions based on (Ga,In)As [23, 24] the cyclotron 
resonance showed small discontinuities in the resonance position close to the TO-
phonon energy, indicating very weak or possibly absent polaron effects [31]. The 
carrier densities in the samples were high (N
s
 ~ 4 χ 1011 c m - 2 ) , and the relatively 
low field at which the resonant condition occurs (» 12 T) meant that the occupancy 
of the lowest Landau level would have been very high, suppressing the electron-LO-
phonon interaction very strongly: for low-carrier-density (ÄS 1 χ IO11 cm" 2 ) quantum 
wells [24] the polaron coupling was apparently stronger. Previous data on GaAs 
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AljGai-j-As heterojunctions [8, 10] were taken using samples with carrier densities 
« 4 χ 1011 c m - 2 , also in the regime where polaron effects will be suppressed relative 
to the bulk. 
The remaining anomalous result is the MPR data of Brummell et al. [20, 48], 
which indicates coupling to a phonon closer in frequency to the TO phonon. How­
ever, recent theoretical work has indicated that the exact form of the Landau-level 
broadening in the 2DEG may have a crucial role in the magneto-phonon effect [53]: 
without broadening the magneto-phonon resonance peaks in 2D will be ¿-function 
singularities, whereas in 3D only a logarithmic divergence occurs. In 2D the ef-
fect of the broadening is to very slightly shift the magneto-phonon resonances in 
pxx to lower fields than expected from the resonance condition [53]: this is perhaps 
a qualitative explanation, although the shifts are far too small, for the apparent 
downshifted phonon frequency observed by Brummell et al. [20], which was de-
duced from the fact that the MPR peaks were at a slightly lower field than those 
for bulk GaAs. Another point is that the magneto-phonon results are taken at high 
temperatures, where the polaron coupling has been shown to bo modified [20]. It has 
recently been shown that the magneto-phonon resonance fields can be very strongly 
carrier-concentration-dependent [54], and this may be related to the ^-dependent 
coupling shown here. Finally, it must be remarked that resonant polaron cyclotron 
resonance provides a very direct way in which to observe the phonon involved in the 
polaron effect: the derivation of a phonon frequency from MPR is a considerably 
more involved process [20]. 
4.5 Summary 
The cyclotron resonance of two-dimensional electrons in several GaAs-
AljGai-^As heterojimctions has been studied in reflectivity up to an energy of 
35.63 meV, close to the GaAs longitudinal-optic phonon energy (36.7 meV), en-
abling the energy of the resonant polaron condition to be accurately deduced. A 
calculation of the dielectric response of the heterojunctions was used to reproduce 
the observed CR lineshapes well, enabling the effective mass to be reliably evaluated. 
It was found that the resonant polaron effect occurs at the LO-phonon energy, in 
agreement with theoretical predictions, and in contrast to the recent interpretations 
of magneto-phonon resonance measurements. However, the strength of the effect, 
observed both in the CR linewidth and the value of the effective mass, is a .strong 
function of the 2D carrier density (JV,), indicating the importance of occupation 
effects and screening: for Λ', > 5 χ IO11 c m - 2 both the non-resonant and resonant 
polaron effects are very small. The strong Ar
s
-dependence explains previous conflict­
ing reports in the literature of "enhanced" or "reduced" polaron effects in the 2D 
electron gas. 
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Chapter 5 
Polaron Coupling in a Multiple Quantum Well 
Structure 
ABSTRACT 
A magneto-optical study of the Is — 2p+ donor transition in a uniformly doped 
GaAs-Alj-Gai j-As multiple quantum well (MQW) structure is presented. For on-
well-centre and on-barrier-centrc impurities a polaron coupling between the electrons 
and the longitudinal-optic (LO) phonons is observed. In addition measurements are 
done on a planar-doped reference bulk GaAs sample, with the same concentration of 
Si donors as in the MQW sample. Using a reflectivity technique, we have observed 
transitions in the latter sample up to 35.6 meV, a radiation energy just below the 
LO-phonon energy and in the Reststrahlen band. For both samples we also found 
resonances at 36.9 meV, which is just above the LO-phonon energy, which show the 
strong influence of the Reststrahlen band and the polaron effect. 
The results show an increase of the electron-optic-phonon coupling strength if the 
dimensionality of the electrons is reduced from bulk towards 2D. All the experimental 
results indicate that the polaron effect in a MQW structure is due to the coupling 
of the electrons with the LO phonons. The data for the on-well-ccntre Is - 2p+ 
resonance are also in good agreement with Improved Wigner-Brillouin Perturbation 
Theory, assuming that the polaron effect is due to the LO phonon. No evidence 
is found for a coupling to lower energv phonons such as e.g. folded zone-boundary 
phonons. 
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5.1 Introduction 
In devices made from polar semiconductors such as GaAs, the electron-LO-phonon 
interaction influences the effective mass and inelastic scattering time of the electrons. 
This interaction is the most important scattering mechanism at room temperature 
and thus is worthy of a more detailed study from a fundamental as well as from a 
technological point of view. 
The polaron effect hais been relatively well studied in bulk semiconductor sys-
tems using cyclotron resonance (CR). The resonant polaron effect is observed as a 
deviation of the CR data from the almost linear relation between the electron energy 
and the magnetic field as the optic-phonon energy is approached. Recent techno-
logical developments have also made possible to experimentally study the polaron 
effect in (quasi-) two dimensional (2D) systems [1 -3]. Most of this 2D work has been 
performed on modulation-doped heterojunctions with a 2D electron gas (2DEG) at 
the interface (e.g. GaAs-Al^Gai ^As heterojunctions). In the ideal 2D electron gas 
(2DEG) one should expect that the strength of the polaron effect will be enhanced 
with respect to the bulk [4] (see also Sec. 2.7). However, these heterojunction struc-
tures have a 2DEG with a finite thickness, and spatial extension of the wavefunction 
is found to suppress the expected enhancement of the effective mass. Secondly the 
high free electron densities ( Ä 101T cm - 3 compared to « 1013 cm"3 in bulk GaAs) 
cause screening and Landau level occupation effects, which will suppress the polaron 
effect as well (cf. Chapter 4). A direct comparison of the polaron coupling strength 
of a bulk system with a 2D system is masked by these many particle effects, the 
wavefunction extension and the band non-parabolicity [3. 5, 6]. 
In contrast, the study of the influence of the electron LO-phonon coupling on the 
shallow hydrogen-like donor transitions in lightly doped quantum well structures has 
the advantage that virtually no free electrons are present, so that the many-particle 
effects that tend to suppress the polaron coupling strength are absent. In this chap-
ter we have studied the effect of reduced dimensionality on the polaron effect by 
observing the Is — 2p+ transitions of Si donors in a GaAs-(Ga,Al)As multiple quan-
tum well (MQW) structure using a far-infrared reflectivity/transmission technique 
up to magnetic fields of 25 Τ [3]. 
Recently Chang et al. [7] have performed impurity resonance photoconductivity 
experiments on an MQW with shallow donors implanted in the centres of the wells. 
These data indicate a coupling of the electrons to a phonon with an energy well 
below the LO-phonon energy. Chang et al. [7] suggested that this might be the 
folded zone-boundary LO-phonon of the MQW at 31 meV. Model calculations have 
also been published, which support this idea [8]. 
The aim of the work discussed here is to study the influence of reduced dimen­
sionality on the strength of the polaron effect without introducing the many-particle 
effects. Secondly we want to find out which phonon is involved in the polaron cou-
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pling in a MQW. 
5.2 Impurity energy levels 
When a shallow donor impurity is placed in a semiconductor, bound electronic 
states are formed in the gap below the conduction band. These bound states can 
be described by a hydrogenic model, and the energy difference between the bound 
states and the conduction band edge corresponds to the ionisation energy. For bulk 
GaAs one finds an effective ionisation energy of Ry* « 5.7 mcV and an effective 
Bohr radius of aj Ä 107 A [9]. In a quantum well, however, the confinement splits 
the conduction band into electronic subbands, and breaks the spherical symmetry 
of the shallow donor bound states. 
Much theoretical [8,10-13] and experimental work [7,14 19] has been done on the 
binding energy of shallow donor impurities in quantum well structures. Variational 
calculations show shifts in the impurity bound states and binding energies relative 
to the bulk values, as the well width approaches the effective Bohr radius. The 
direction and magnitude of the shifts depend on the position of the impurity in the 
MQW, and on the width and depth of the potential wells and barriers. 
The Is — 2p+ transitions of the impurities are very well suited to our experiment 
since they have strong transition matrix elements and they can also be tuned by the 
magnetic field at a convenient rate (in contradiction to the Is — 2p " transitions). 
5.3 Experimental 
The 150-period MQW sample studied in this chapter has GaAs wells and (Ga,Al)As 
barriers, both 100 A wide. The Si donors are uniformly distributed over the wells 
and the barriers with a concentration of Л^ = IO10 c m - 2 for each well and each 
barrier. To enable a comparison of the polaron coupling strength in bulk and in 
the 2D confined case to be made, we also performed experiments on a reference 
bulk GaAs sample. This leference sample is planar-doped with the same Si-doping 
density as the MQW sample studied in this experiment, the distance between the 
300 planar-doped layers is 100 A. 
The polaron effect is experimentally best studied in the resonant regime; i.e. at 
energies close to the energy of the phonon involved in the polaron coupling, when 
the deviation due to the polaron effect from the quasi-linear energy-field dependence 
of the Is — 2р^ transition, becomes significant compared to that due to e.g. the band 
non-parabolicity. However because of the high reflectivity of the substrate in the 
Reststrahlen band Is — 2p~, transitions can not be observed in transmission in 
this regime. Our reflectivity technique (see Fig. 4.1) made it possible to observe 
resonances very close to the LO-phonon energy, and so make a detailed study of 
the polaron effect in the resonant regime. We performed the experiment using an 
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optically-pumped far-infrared laser to provide radiation of a fixed energy and by-
sweeping the magnetic field. The outcoupling of the laser was optimised to obtain 
the shortest wavelengths, at energies around the LO-phonon energy [20]. A 25 Τ 
hybrid magnet and a 20 Τ Bitter magnet were used to generate the high magnetic 
fields necessary. In Fig. 5.1 some resonances observed in the MQW sample are 
shown: (a) at an energy well below the Reststrahlen band at 23 meV, (b) at an 
energy in the low-energy tail of the Reststrahlen band at 31 meV, and (c) just 
above the LO-phonon energy at 37 meV. At energies well below the Reststrahlen 
band (e.g. trace (a) in Fig. 5.1 ) a broad resonance feature is observed with three 
distinct absorption minima (А, В and C) in transmission. The broadening reflects 
the dependence of the energy of confined impurities on their position in the MQW. 
Due to the confinement in a MQW the spherical symmetry of the hydrogen-like 
energy levels of the shallow donor is broken. The magnitude and sign of the shift 
of the energy levels depend on the well- and barrier-widths and on the position of 
the shallow donor in the MQW. For on-well-centre impurities, the binding energy 
of the electrons to the donors is increased, while for on-barrier-centre impurities the 
binding energy is reduced with respect to the bulk case. Greene and Bajaj [12] have 
performed variational calculations for these energy levels, which support this inter­
pretation. We therefore relate resonance A to the on-well-centre impurity resonance, 
and find by extrapolation a zero-field transition-energy between the Is — 2p+ states 
of 9 meV, which is close to the value of 9.7 meV calculated by Greene and Bajaj for 
a 100 Â well [12]. Resonance С is attributed to the transition between energy levels 
of the on-barrier-centre donors. The spatial separation between the electrons and 
donors reduces the binding energy in this case to 3.5 meV (cf. 2.7 meV in Ref. [12]). 
From symmetry considerations it becomes clear that these two cases represent the 
extrema of the range of possible shallow-donor binding-energies. The binding ener­
gies of donors which are situated in between the well-centre and barrier-centre will 
be in between the extremal values for A and C. At these points a slight deviation 
from the impurity position away from the centre will not change the binding energy 
very much (in contrast to impurities at the edge of the well, where a small displace­
ment varies the binding energy a lot). Therefore the strength of the resonance is the 
largest for the on-well-centre and on-barrier-centre donor transitions. This explains 
why uniform doping gives rise to two resonances. A and C, in the transmission with 
a broad background in between. 
Resonance В has a more complex origin. From temperature-, angle-dependent 
and Fourier transform spectroscopy experiments, and from a comparison with results 
obtained on other samples (i.e. only well-doped, or only barrier-doped) it has been 
pointed out by Huant and coworkers [21] that the probable explanation for resonance 
В is a transition from a D state (a hydrogen-like donor with two electrons instead 
of one. the second electron is weakly bound to the donor) in the well to the Лг = 1 
Landau level of the lowest subband. Because the physical origin of this resonance 
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Figure 5.1: Transmission and reflection traces measured on the MQW 
sample, for three different energies of the incident far-infrared radiation, as 
function of the magnetic field: (a) 23.02 meV well below the Reststrahlen 
band; (b) 31.05 meV; (c) 36.96 meV just above the energy of the LO-phonon 
huj^o = 36.2 meV. 
is different from the other two resonances (a free electron Landau-level is involved), 
a meaningful comparison of the polaron coupling strength of this resonance with 
transitions A and С between bound states cannot be made directly using the exper­
imentally obtained resonance positions. Therefore we will not consider resonance В 
in our discussion. 
The transmission minima of Fig. 5.1a coincide with resonances measured ear­
lier in photoconductivity [141. However, the "barrier-resonance" С is much better 
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resolved in the present experiment, and can be observed at energies close to the 
Reststrahlen band. This makes a study of the polaron effect of resonance С possible 
in both transmission and reflectivity. However, the extrema of the measured reso­
nances in reflection do not coincide with the transmission minima, indicating that 
a dielectric response model is necessary to evaluate the resonance position from the 
reflectivity measurements. This will be discussed in the next section. 
In addition we have measured at an energy of 36.96 meV, just above the LO-
phonon energy. Here all three resonances are strongly, but differently, influenced by 
the polaron effect and are therefore mixed to give a complicated lineshape. At this 
energy, the reflectivity of the sample due to the lattice vibrations alone (Reststrahlen 
band) has a very deep minimum (see Fig. 5.2) and signals due to the Is — 2p~ 
transitions are seen both in reflectivity and transmission. 
5.4 Dielectric response of a M Q W structure 
Figure 5.2 shows the energy dependence of the reflectivity of the GaAs substrate 
due to the optic phonons. The dielectric response gives rise to a high reflectivity 
between the TO- and LO-phonon energies, the so-called Reststrahlen band. At an 
energy just above the LO-phonon energy there is a minimum in the reflectivity with 
a value even lower than the reflectivity at low energies. It was shown in Chapter 4 
that the shape and position of the cyclotron resonance in heterojunctions observed 
in reflectivity and transmission depend on the energy dependent contribution of 
the dielectric response of the lattice. We therefore have extended our earlier model 
calculations of Sec. 4.3 (see also Ref. [3]) to the case of a MQW. Instead of the 
three layer model ((Ga,Al)As top layer-2DEG in GaAs-GaAs substrate) discussed 
earlier, we now have a 152 layer model: (Ga,Al)As-2DEG in GaAs-(Ga,Al)As 
2DEG in GaAs .. -GaAs substrate. We need to fulfil 154 boundary conditions. 
Another adaptation is the treatment of the 2DEG. In the model of Sec. 4.3 only 
free electrons with a certain effective mass and scattering time were present. Now 
the properties of the electrons depends on their position in the MQW. We therefore 
introduced the following 13 different types of bound electrons: 
- Three types of electrons representing the resonances А,В and C, each with their 
own energy-field dependence determined by the slope of the energy-field diagram 
(resonances A and С have the same slope, cf. Fig 5.4 below) and the binding energy 
(from the extrapolated zero-field transition energy). We have assumed that these 
three types of electrons have the same scattering time. 
- We assume that the background density through the whole MQW structure, which 
causes the broad background between the resonances, can be adeciuately modeled 
with ten types of electrons. These electrons all have the same slope for their energy-
field dependence (which is the same as for the electrons of resonance A), but the 
binding energies of these electrons are assumed to be ranging with ecjual spacing 
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REFLECTIVITY (·/.) 
Figure 5.2: The reflectivity of the GaAs substrate purely due to lattice 
vibrations. 
between those of resonances A and C. The scattering times are chosen to be equal 
to the scattering times of Α.В and C. 
These 13 types of electrons are introduced in the model by adapting the dielectric 
response of the 2DEG (Eq. 4.3) in the following way: 
CM = fGaAsM + 
\σ
Β
{ω) ϊσς{ω)_ у '^¡{ω) 
t^ fo ω £ ο ,
= 1 t^ fo 
(5.1) 
The slopes, which can be parametrised in terms of an "effective mass", the volume 
densities of the donors rj
s
 = N
s
/L
w
 and their scattering times r. can be indepen­
dently brought in via the 13 equations (equivalent to Eq. 4.2): 
e
2
 (l/r,) + i(u;±uO 
" » = Έτ^Γ^ 
rn (1/τϊ) + (ω±ω, 
(5.2) 
CJ) 
where j—A,B,C,1 10, and the binding energy is introduced for each type of elec­
trons by hulCj = J)U!C + ^binding,;· With Ьи)с = пеВ/тП*. 
The model produces lineshapes similar to the experimentally observed reflectivity 
signal. This is shown in Fig. 5.3 for an energy of 17.7 meV. The lineshapes of the 
reflectivity obtained from the model are strongly dependent on the electron densities 
for the resonances А, В and C. The transmission lineshape, however, only shows a 
small change in the relative strength of the resonances, and no shift of the resonance 
positions is observed at this energy as function of the density. Therefore only one 
transmission signal is plotted. The transmission minima are thus reliable values 
for the resonance positions, and will be used to obtain these from the experimental 
results. 
5.5 Discussion 
In Fig. 5.4 the positions of the resonance minima for several energy values are 
plotted as function of the magnetic fieldstrength. The straight lines represent the 
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Figure 5.3: The lincshape of the reflectivity 
of the resonances А, В and C. obtained from 
the dielectric response model for several elec­
tron densities at an incident radiation energy of 
17.7 meV. Also shown is one transmission curve 
(T) For the calculations we have chosen the fol­
lowing parameters: Шд = 0.0707 m
e
, mg ~ 
0.0660 m
e
 and mj. = 0.0707 rn
e
; b^mdmg.A = 
9.0 meV, Ebmdmg.B = 4.4 meV and £bmdmg,c = 
3.4 meV. 
linear energy-field relation determined by the low-energy points. Going to energies 
above 25 meV, the minima in transmission start to deviate from the straight line. 
We attribute this deviation to the resonant polaron effect. The size of the deviations 
indicates the strength of the polaron coupling. Part of the deviation is due to band 
non-parabolicity and it is therefore difficult to determine the strength of the polaron 
coupling quantitatively. However, we can compare the results of the two resonances 
A and C, which will be influenced by the band non-parabolicity in a more or less 
identical way. Both resonances show a deviation from the linear relation between 
energy and magnetic fieldstrength. but the sizes of the shifts are different. Resonance 
C, associated with the on-barrier-centre impurities, shows a larger shift from the 
expected field value than resonance A associated with the on-well-centre donors. 
The spatial separation between electrons and the on-barrier-centre donors not 
only reduces the binding energy, but also introduces an effective Coulomb force. 
This Coulomb force squeezes the electrons to the edges of the square potential well. 
These electrons therefore have wavefuuetions which are more two-dimensional in 
character compared to those of the électrons bound to the on-well-centrc donors. 
The weakening of the 2D character of the wavefunction is one of the effects which 
reduce the polaron coupling strength of quasi-2D systems relative to an ideally-2D 
system. In this way we can understand wh\ the polaron coupling strength is larger 
for the electrons bound to the on-barrier-centre impurities (resonance C) than for the 
electrons bound to the on-well-centre impurities (A). In this experiment the effect 
of the low dimensionality of the wavefunction on the polaron effect is shown directly 
by simultaneously measuring different transitions in one sample. A reduction of the 
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Figure 5.4: The impurity resonance positions of the three transitions from 
the MQW sample are plotted as a function of magnetic field. The straight lines 
are drawn through the low energy results. At higher energies the deviations 
from the straight line are caused by the polaron effect, which is the strongest 
for the on-barrier-centre donor-resonance C. The on-well-centre donor A is 
compared with results of the Improved Wigner-Brillouin Perturbation Theory 
of Ref. [22] (dashed line). 
dimensionality clearly gives an enhanced coupling strength in the polaron effect. 
Hai and coworkers [22] have performed theoretical calculations for the on-well-
centre impurity resonances for a system similar to that used in this experiment. 
Starting from the wavefunction of Ref. [11] they have included the polaron effect us-
ing Improved Wigncr-Brillouin Perturbation Theory [23] and assuming coupling to 
the LO phonons. The results arc included in Fig. 5.4. and, as one can see, show rea-
sonable agreement with our data, in spite of the fact that band non-parabolicity was 
not taken into account in the calculations. The inclusion of band non-parabolicity 
would in fact tend to improve the fit. Note that in Fig. 5.4 points just above the 
LO-phonon energy are included. We will now discuss the origin of these points. 
Curve (c) in Fig. 5.1 shows a CR reflectivity and transmission experiment at 
36.9 meV. This energy is just above the LO-phonon energy of 36.2 meV. The Rest-
strahlen band gives a deep minimum in the reflectivity of the substrate and other 
layers (see Fig. 5.2). We are therefore able to observe both reflectivity and trans-
mission signals. This very fast change of the reflectivity of the substrate just above 
the LO-phonon energy makes the interpretation of the experimental data difficult. 
At this energy (so close to the LO-phonon energy) the exact resonance position and 
width are strongly influenced by the polaron coupling. Even small differences in the 
coupling strength will shift the resonances considerably. In this particular sample 
35 
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25 
20 
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10 
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each resonance is subject to a different polaron coupling strength, and consequently 
they overlap. This is another complication, in addition to the dielectric response 
artefacts, in analysing the experimental traces. Nevertheless, the reflectivity trace 
shows a pronounced minimum at 13 T, where the transmission shows a step. We 
attribute this feature to resonance A. Close to the phonon energy not only the dif­
ferent polaron shifts, but also strong broadening effects will alter the resonances. 
The stronger the polaron effect the larger the linewidth of the resonance will be. 
Resonance A has the weakest coupling strength and will thus have a relatively 'nar­
row' resonance at an energy close to the L0-phonon energy compared to resonances 
В and C. This confirms our idea that the observed 'narrow' dip in reflectivity is due 
to resonance A. The position of the dip also coincides with resonance A measured at 
this energy in photoconductivity. Beside this minimum in reflectivity a very broad 
minimum in transmission is observed along with a broad peak in reflectivity at 
higher fields, which is attributed to a mixture of resonances В and C, both of which 
have strong polaron effects, and hence a large degree of broadening. The transmis­
sion minimum does not coincide with the broad maximum in reflectivity due to the 
dielectric response. We have already observed step-like structures in reflectivity in 
trace (a) of Fig. 5.1 at fields where the transmission shows minima. A full dielectric 
response model is needed to extract the exact resonance positions, but we can assign 
within which field range resonance A and resonances С and В certainly occur. In 
Fig. 5.4 these ranges are indicated by broad error bars. 
In order to compare the strength of the polaron coupling between 3D- and 2D-
systems, we have performed experiments on a reference, planar-doped, bulk GaAs 
sample. Some experimental traces are shown in Fig. 5 5. At low energies (well below 
the Reststrahlen band) the reflectivity maximum does not quite coincide with the 
transmission minimum. This is due to dielectric artefacts and we must be careful 
with the interpretation of the reflectivity data [cf. Fig. 4.6). The transmission 
minima are in good agreement with the photoconductivity results of Ref. [24]. At 
higher energies, [e.g. at 32.8 meV) in the low energy tail of the Reststrahlen band, 
wc were not able to measure any signal in transmission, in reflection however we 
observed a dip due to the resonance. In fact a dielectric response model is necessary 
for a reliable extraction of the resonance field strengths from the data, but for 
simplicity the reflectivity minimum was taken as the resonance position (this will 
introduce maximum errors of the order of the linewidth). 
We also found a resonance in reflectivity at 35.6 meV, which is in the Reststrahlen 
band, with a very large linewidth. It is the first time that the Is - 2р4 transition 
has been measured so close to the LO-phonon energy in bulk GaAs . 
Just above the LO-phonon energy we can again simultaneously measure reflectiv­
ity and transmission. Due to the small contribution from the substrate the resonance 
signal due to the electrons in reflectivity is huge, and we observe a maximum in­
stead of a minimum. Figure 5.6 shows the resonance positions of the bulk sample as 
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Figure 5.5: Transmission and reflectivity traces of the bulk sample at ener­
gies of (a) 27 meV well below the Reststralilen band, 33 meV and 36 meV in 
the Reststralilen band, and (b) 37 meV just above the LO-phonon energy. At 
low fields the reflectivity and transmission do not coincide, this is an artefact 
resulting from the dielectric response of the substrate. The effect of the Resi­
st rahlen band is also clearly visible in (b), where we find a maximum in the 
reflectivity signal due to the minimum in the dielectric response just above 
the LO-phonon energy. 
function of the magnetic field. The influence of the polaron effect becomes clearly 
enhanced over the band non-parabolicity on approaching the LO-phonon energy. 
The resonance just above the LO-phonon energy shows the discontinuity in field 
position at the LO-phonon energy. 
In order to compare the 2D and bulk coupling strengths, we consider the devia­
tion of the Is — 2p + transition due to the polaron effect from its expected position. 
In Fig. 5.G it is indicated that at 31 meV the deviation from the approximately 
straight low field eneigy-field relation is of order ~ 0.5 meV, which is slightly lower 
than (but within the error range of) the value for the on-well-centre resonance A 
of the MQW sample (cf. Fig. 5.4), and considerably below the value for the on-
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barrier-centre resonance С at the same energy. Thus to summarise we find that for 
resonance С the polaron coupling is larger than for resonance A, which on its turn 
is slightly enhanced over the bulk coupling strength. This is in agreement with the­
oretical calculations, which indicate a stronger polaron effect for lower dimensional 
electrons. 
Energy (meV) 
— LO phonon 
0.5 meV 
15 20 25 
Magnetic field (testa) 
Figure 5.6: Resonance-fields measured in the bulk GaAs sample. The line is 
drawn through the low energy points. 
Chang et al. (see Ref. [7]), have performed a Fourier-transform photoconduc­
tivity experiment on a MQW of 140 A well-width and with selective doping in the 
centres of the wells. In Fig. 5.7 their photoconductivity data ( + ) and our transmis­
sion data of the on-well-centre resonances A ( · ) are shown for comparison. The data 
of Ref. [7] show a strong bending at 25 meV, whereas ours do not. This onset of 
deviation was interpreted as a coupling to zone-folded LO phonons with an energy 
of 31 meV (lower than the LO phonon). Chang and coworkers [7] performed their 
experiment at a fixed value of the magnetic field and varied the energy by using 
a Fourier transform interferometer as a wide-band radiation source. We have used 
on the other hand incident radiation of fixed energv and swept the magnetic field 
through the resonance and this technique is less sensitive to variations in the energy 
dependence of the dielectric response of the substrate and other layers of the sample. 
In a swept frequency measurement it is essential to analyse the resonance line-
shape using a dielectric response model to be able to extract a reliable value of the 
resonance position close to the Reststrahlen band. The abrupt kink at 27 meV and 
the apparent polaron coupling to phonons of lower energy than the LO phonons, 
suggested by Chang and coworkers, are probably due to a distortion of the resonance 
by dielectric artefacts. Our data in fact give evidence for polaron coupling to the 
LO phonon. 
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Figure 5.7: The data of Chang et al. [7] ( + ) are compared with our data 
(·); we attribute the deviation between the sets of data above 26 meV to the 
influence of the dielectric response in the different experimental techniques. 
5.6 Conclusion 
We have measured the impurity Is — 2p+ transition of donors in the centre of the 
wells and in the centre of the barriers of a MQW. Our reflectivity/transmission 
technique allowed us to find resonances at energies very close to the LO-phonon 
energy, where the resonant polaron effect is observed. We found that for electrons 
with a more low-dimensional character the polaron effect is more pronounced than 
in comparable bulk systems. This is concluded from the relative strength of the 
polaron effect of the on-well-centre and on-barrier-centre donor-electrons, and from 
comparison of the MQW results with a reference bulk sample. We also conclude that 
there is no indication of coupling to phonons lower in energy than the LO-phonon 
at the Г-point in contradiction with the results of Ref. [7]. 
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Chapter 6 
Polaron Coupling to both Homopolar and 
Longitudinal Optic Phonons in InSe 
ABSTRACT 
The cyclotron resonance of the two-dimensional electron gas found in the layered 
semiconductor InSe has been studied using far-infrared magneto-transmission ex­
periments. Several гезоиапсеь. recorded around the energy of the lowest-energy 
homopolar optic (HO) phonon at 14.8 meV, represent the first direct observation of 
weak resonant polaron coupling to this non-polarised HO-phonon, to which the elec­
trons can couple via a deformation potential. The strength of this polaron-coupling 
is estimated to be # д 0 и 0.002 - 0.005. In performing measurements up to 30 T, 
the longitudinal-optic (LO) phonon could be approached to 80% of its energy, and 
the far-infrared magneto-transmission spectra have revealed a large increase in the 
cyclotron effective mass as the LO-phonon energy is approached. With QLO ~ 0.3, 
this is the strongest polaron effect yet observed in any two-dimensional system. 
Parts of the work described in this chapter have been published in: 
- J. Phys.: Condensed Matter 1, 7493 (1989); 
- Surf. Sci. (to be published). 
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6.1 Introduction 
The Coulomb forces give rise to an interaction between the electrons and the lattice. 
In a polar lattice an electron will attract the positive ions and repel the negative 
ones, and so surround itself with a lattice distortion which will carry a macroscopic-
polarisation: the polaron. This interaction generally leads to a higher electron 
effective mass m* and this mass-enhancement will be bigger as one approaches the 
so-called resonant regime, just below the energy of the polarising phonon (e.g. the 
LO-phonon energy), see for example Fig. 2 14 in Chapter 2. Just at the phonon 
energy a discontinuous reduction is observed in the effective mass τη* and in the self-
energy AE, and these discontinuities allow to estimate the strength of the polaron 
effect, whereas the energy at which the discontinuity is observed will identify the 
particular phonon responsible for the polaron coupling. 
Polaron coupling in semiconductors and insulators has excited the interest of 
both theoreticians [1-5] and experimentalists [6-11] for a number of years. Theo­
retical calculations show that the strength of the polaron effect in an infinitely thin 
two-dimensional electron gas and in a one-polaron model should be enhanced over 
the value in the bulk systems. Our work on GaAs-(Ga,Al)As hcterostructures, dis­
cussed in Chapters 4 and 5, has shown however, that this enhancement may well 
be quenched in practical cases. To date the extensive studies of two-dimensional 
systems in semiconductor hcterostructures have primarily been concerned with po­
laron coupling to weakly polar optic modes in zincblende structure materials where 
the Fröhlich coupling constant [1] is of the order о Ä 0.05. 
In this chapter, we will report evidence for polaron coupling in a 2DEG in the 
layered compound InSe. Here, polaron effects are due to coupling with both the 
usual longitudinal-optic (LO) phonons, which carry a large electrical polarisation 
and have a coupling constant of аьо ~ 0.3, and non-polarised homopolar optic 
(HO) phonons that will modulate the laver thickness and couple to the electrons 
via a deformation potential. The importance of the short range interaction with the 
homopolar optic modes polarised along the c-axis was first suggested by Fivaz and 
Mooser [12, 13] for strongly anisotropic lavcred structures with a weakly anisotropic 
conduction band, such as InSe. The study of anisotropic crystals is of interest due to 
the differences in the various kinds of interactions between their constituent atoms. 
The presence of a two-dimensional (2D) electron gas in bulk InSe was first de­
duced by Portal and coworkers [14] from magneto-transport studies. Subsequent 
cyclotron resonance work [15] confirmed the model proposed by Nicholas et al. [IG] 
in which the electrons form accumulation layers by binding to impurities adsorbed 
into defect planes. The InSe thus acts as a naturally occurring analogue of the 
¿-doped structures, widely studied of late '17. 18]. 
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6.2 The layered compound InSe 
InSe is a III-VI compound and hence has a very high degree of mechanical anisotropy. 
It therefore has many interesting mechanical and electrical properties, and in this 
context, the natural occurrence of a 2D electron gas is the most noteworthy. InSe is a 
semiconductor with a direct gap at the Г-point of Eg = 1.35 eV at low temperatures 
[19]. Among the technological applications of InSe we find solar energy conversion 
[20] and photovoltaic diodes [21], and MOS- and heterojunction-devices are also 
under investigation [22]. 
Indium monoselenide is a layered compound of the III-VI family, which also 
includes GaSe and GaS [23]. InSe crystals are built up by a number of layers weakly 
bound together to form a three-dimensional structure with the c-axis perpendicular 
to the plane of the layers. Each layer takes the form of a sandwich made up of 
four monoatomic sheets in the sequence Se-In-In-Se (see Fig. 6.1). The intra-layer 
bonding is primarily covalent with some ionic contribution, whilst the inter-layer 
bonding is mainly by Van der Waals forces between the selenium atoms: this is why 
easy cleavage occurs perpendicular to the c-axis. 
Figure 6.1: One layer of InSe: the black dots rep­
resent the indium and the open circles the selenium 
atoms. 
This bonding scheme is the key to (he unique physical properties of the III-VI 
layered compounds which are different from those of the three-dimensionally bonded 
III-V and II-VI semiconductors. Because of the weak inter-layer bonding, a layered 
compound such as InSe usually occurs in several different stacking polytypes, each 
described by a different space group. Alost frequently reported is the 'y-polytype 
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[24, 25] which has a rhombohedral unit cell extending o\'er three layers. The e-
polytype has a hexagonal unit cell extending over two layers. In the 7- and e-
polytypes, adjacent layers can be brought into coincidence by a pure translation: 
thus glide stacking faults with a low energy occur. The polytypism of the III-VI 
layered compounds is discussed in more detail in Ref. [26]. 
In contrast to the high degree of mechanical anisotropy, band-structure calcu­
lations have predicted a weak anomalous anisotropy with 7n*_
c
 > τη! at the Γ-
point [27]. This is in good agreement with the bulk cyclotron resonance experi­
ments of Refs. [15, 16] in which the band-edge polaron masses were found to be 
m*±c = 0.138 me and m^ = 0.081 7T¡C. 
Electrical transport measurements have shown that electrical conduction in InSe 
is highly anisotropic. In particular, conduction perpendicular to the layer planes 
exhibits an activated mobility, with a mobility ratio μι
Γ
/μ\\α ~ 100 even at room 
temperature. This is thought to be due to the presence of large numbers of stacking 
faults which inhibit motion in the direction of the c-axis. 
Portal and coworkers [14] have reported cyclotron resonance (CR) and 
Shubnikov-de Haas measurements on InSe which indicate that below 10 К the elec­
trons have a two-dimensional behaviour. In particular, the Landau level separations 
produced by a magnetic field were determined only by the component of magnetic 
field along the c-axis (B coso), consistent with an orbit which was confined to the 
plane perpendicular to the c-axis. At higher temperatures (Г > 25 K) a second 
resonance appeared, which is weakly anisotropic and thus is three-dimensional in 
character. 
So at low temperatures electrons in bulk InSe appear to be bound in states 
where motion along the c-axis is restricted and motion perpendicular to the c-axis 
is free, while at higher temperatures the carriers are excited into states showing 3D 
behaviour in a weakly anisotropic system These carriers give a higher temperature 
resonance characteristic of electrons in the lowest conduction band minimum. 
The origin of the 2D behaviour is almost certainly connected with the presence 
of stacking faults, as explained by Nicholas et al. [16]. The low field transport 
properties of both InSe [28] and GaSe [29] are highly anisotropic, and it has been 
suggested that this is due to extrinsic scattering mechanisms, such as interlayer 
potential barriers arising from structural defects. In addition it is likely that any 
impurity present during the growth of the crystal will be preferentially adsorbed at 
stacking faults, and will thus accumulate at these defect planes. Thus in /(-type 
material the shallow donor impurities will be concentrated to form charge sheets 
which will give rise to binding for motion parallel to the c-axis. 
The potential wells arise due to Coulomb attraction by donor impurities. The 
binding energies for electrons will be strongly dependent upon impurity and elec­
tron concentrations, since the very high local concentrations will give rise to strong 
screening, and detailed solution of the energy levels will require the use of complex 
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many-body theories, as used in the analogous cases of inversion and accumulation 
layers in MOS devices [30] and heterojunctions [31]. The exact form of the potential 
is uncertain since the effects of the defect plane itself are unknown. In addition, 
the defect may correspond to a stacking fault representing a boundary between two 
different polytypes of the crystal, which may result in a small shift in the relative 
positions of the band edges. This picture is confirmed by the transport measure­
ments of Portal et al. [14], which showed the existence of metallic, free, 2D electron 
behaviour with electron concentrations of Ar
s
 ss 1.5 χ IO12 c m - 2 . The Fermi energies 
relative to the lowest subband were found to be in the region 14-17 meV, which, 
together with the activation energies measured from the CR intensities as a function 
of temperature, give binding energies in the range 20-30 meV. Fits to the intensity 
of the CR absorption indicate an areal electron density of ~ 4 χ IO12 c m - 2 in samples 
of thickness Ä 100 μιη. It is thus expected that a small number of 2D-"accumulation 
layers" will be present in each sample. 
The samples studied were cleaved from single crystals of InSe grown from a 
non-stoichiometric melt using the Bridgeman-Stockbarger technique [25, 32]. The 
crystals are thought to be mainlv of the 7-polytype with some e-polytype present. 
Individual samples were prepared by ''peeling off" thin layers from the crystals 
using fine tweezers. In an extensive cyclotron resonance study [33] it is shown that 
a typical sample, consisting of a sheet of order 50 μτη thick, contains several such 
2D layers, each with a carrier density of order 1 χ 1011 c m - 2 . The pieces used for 
detailed study at high fields were selected to exhibit narrow linewidths [34] at low 
fields (AB1/2 < 0.2 T) and for minimum interference effects. 
6.3 The phonon spectrum of InSe 
The situation in the literature regarding the optical phonon spectrum of InSe is 
rather confusing. A number of Raman and IR studies have been undertaken [35-37], 
but because there is no general agreement as to which polytype(b) InSe crystallises 
in, there is a considerable amount of doubt as to the correct theoretical assignment 
of the different modes. However there is reasonable agreement (to within a few 
wave numbers) between the various authors in the experimentally measured optical 
phonon spectrum. 
Carlone [35] explained all of the Raman and IR data published at that time by 
assuming that InSe only crystallises into the J-polytype (unit cell extending over 2 
layers of the crystal and containing 8 atoms). Other authors had previously assumed 
that the J-. ->- and f-modifications occurred more or less randomly. Unfortunately 
however the crystallographic data cited earlier strongly support the existence of the 
-7-polytype (unit cell extending over 3 layers and thus containing 12 atoms). Because 
we assume the 7-polytypc in our analysis the phonon spectrum will be interpreted 
as that of a 7-polvtype. Table G.l summarises the experimentally measured phonon 
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spectrum of InSe. 
Table 6.1: Summary of the experimentally measured optical phonon spec-
trum of InSe. RLM stands for '-Rigid Layer Mode" and HO for "Homopolar 
Optic". The importance of the latter mode is explained in the text. 
phonon energy 
1 cm"1 
18 
42 
118 
176 
180 
190 
200 
220 
228 
meV 
2.2 
5.2 
14.6 
21.8 
22.3 
23.6 
24.6 
27.3 
28.3 
phonon 
type 
RLM 
HO 
TOE_ c 
TO E|,c 
LO E± c 
L O E c 
HO 
The importance of the homopolar optic (HO) phonon will become clear in the 
discussion of the results. We now note that it is a phonon with no first-order dipoles 
and a polarisation vector normal to the plane of the layers. 
Fröhlich polaron coupling occurs in the interaction with the LO-phonons, the 
strength of this polaron effect is expressed in the Fröhlich coupling constant a. 
6.4 Experimental results 
The experiments consisted of a study of the energy dependence of the effective mass 
and linewidth by cyclotron resonance at a temperature of 1.4 K, using an optically-
pumped far-infrared laser and magnetic fields up to 30 T. 
Fig. 6.2 shows some typical (races taken on the sample from ingot 626/180 (des-
ignated here as sample 1). All the data are well below the reststrahlen band of InSe 
(22.3 < E < 27.3 meV; ?.e. 0.84 < E/h^o < 1.0), and therefore one is allowed to 
take the resonance minimum as the resonance position and then deduce the effective 
mass as m* = ЬеВс^/Ьирщ. 
Figure 6.3 shows a very rapid increase in the effective mass with energy, charac­
teristic of the approach to resonant polaron coupling at the appropriate LO-phonon 
energy of 27.3 meV [35]. In addition there is a weak discontinuity in the mass in the 
region of 14.6 meV. which we attribute to a new polaron coupling to the homopolar 
optic phonon of this energy [35]. Figure 6.4 shows that there is also a resonant 
increase in the apparent linewidth [34] associated with both coupling mechanisms. 
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Transmission (arb. units) 
Magnetic Feld (Τ) 
Figure 6.2: Typical cyclotron absorption traces at three different energies. 
Curve (b). at 15.2 meV, shows a very weak shoulder indicating the anti-
crossing due to the HO polaron. The shoulder in curve (a), at 12.0 meV, 
is due to subband-Landau-level coupling. 
0.Θ 1.0 
E/tiUJL0 
Figure 6.3: The energy dependence of the CR effective mass for 2D electrons 
in InSe, sample 1, normalised to m*(0) = 0.132 m
e
 and TI^LO = 27.3 meV. 
The position of the homopolar phonon at 14.6 meV is indicated. The solid 
curve is from the calculation of Devreese and Peeters [5] for bulk material with 
a Ä 0.3. with the estimated band non-parabolicity added (indicated by the 
dashed line). 
The strength of the coupling to phonon modes is defined by a dimensionless 
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Figure 6.4: The energy dependence of the apparent [34] cyclotron resonance 
linewidth in sample 1. The dashed lines are guides to the eye. The large 
increase in linewidth at low energies is the approach to an impurity-related 
splitting tied to a Landau level filling factor of ^ = 2. 
Table 6.2: The material parameters of InSe used for calculation of the dif­
ferent polaron coupling constants. 
_ _ J___Lc_ 
ULULO | 27.3 mcV 
e(0) 10.9 
б(оо) 7.8 
m' ! 0.132 ;77
e 
24.6 mcV 
9.9 
8.9 
0 081 m. 
coupling constant, which for LO phonons is the Fröhlich constant a, given by [1] 
a = 4π€0η Veoo e0J \2hujLoJ 
(6.1) 
where (^ and eo are the high- and low-frequency dielectric constants, ftwio the LO-
phonon energy, and in* the effective mass. Using the values for these parameters 
listed in Table 6.2 [15, 38] gives alc = 0.29 for motion perpendicular and оц,. = 
0.08 for motion parallel to the c-axis. The Fröhlich polaron interaction loads to 
a renormalisation of the carrier effective mass at low energies, given by /n*, = 
r7j*(l — π α / 8 ) " 1 for ideal 2D systems, and to the resonant polaron effect at higher 
energies. 
In the case of homopolar modes polaiised along the c-axis, Schmid [29. 39] has 
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derived a coupling constant g^Q, given by: 
9Іо=-г-- f ^ ì (6-2) 
where E¿ is the appropriate deformation potential, in¿s the density of state mass, 
M the ionic reduced mass for the phonon mode with energy Лшцо, and N the 
number of unit cells per unit volume. This leads to a mass renormalisation of 
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 но
 =
 n?*(l — !<7но) ' at 1()W energies, analogous to the case of the Fröhlich 
polaron. 
Scattering by homopolar phonons through this interaction is well established 
in layered compounds [12, 29], in particular for holes in GaSe [40] (whidi has a 
similar band structure and phonon properties to InSe). InSe has two HO modes 
polarised along the c-axis [35], at 14.6 meV and 28.3 meV: These values have been 
verified by Raman scattering at 77 К on the crystals studied here. Segura et al. [41] 
have used the temperature dependence of the electron mobility in InSe to deduce 
a value of g2 = 0.054 for coupling to the mode at 14.6 meV. This suggests that 
the HO phonon interaction is sufficiently strong in layered compounds for the mass 
renormalisation described above to be significant, and by analogy with the Fröhlich 
polaron, resonant coupling should be visible at the HO-phonon energy. The results 
in Fig. 6.3 show just such an effect, with a pronounced mass anomaly centered at 
the HO-phonon energy of 14.6 meV, accompanied by the characteristic increase in 
linewidth associated with the approach of a resonant polaron effect (see Fig. 6.4). 
Zero-field transmission spectra at low temperatures [35, 42] show that this mode is 
not infrared active for normal incidence. Thus we do not expect to see a discontinuity 
in the mass at the phonon energy due to the dielectric response, as seen close to the 
polar optic phonons in other 2D systems [11, 43]. 
As one can see in Fig. 6.5 all the samples studied in detail showed similar disconti-
nuities at 14.6 meV. In this figure also some mass anomalies can be seen for E/fluido 
in the range 0.3 0.4: we have attributed these to resonant subband- Landau-level 
coupling (RSLC) [44]. This interpretation was confirmed by performing the experi-
ment while the sample was deliberately tilted over a small angle (~ 8°) with respect 
to the magnetic field to enhance the RSLC. Although normally the transitions be-
tween electric subbands in the confining potential well EQ —> Ει will be forbidden 
for the polarisation of the light used in our experiment, the intersubband resonance 
can be detected through the splitting of the cyclotron resonance in tilted fields. This 
splitting is a result of the coupling of the lowest Landau level of the first subband 
with the Лг = 1,2.... Landau level of the lowest (г — 0) subband as described in 
Sec. 2.6 in Chapter 2, and in Chapter 3 of this thesis. 
The results of these cyclotron resonance measurements in which the sample was 
deliberately tilted are shown in Fig. 6.6. The crosses represent the data under 
tilted field, and in this case several different double-resonances have been found in 
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Figure 6.5: The energy dependence of the effective mass. In all 3 samples 
investigated a mass anomaly around the energy of the homopolar optic phonon 
was observed. The anomalies in the range 0.37ÎU;LO -Ο.Ί/ωι,ο were attributed 
to subband-Landau-level coupling. 
the energy-range 0 .3-0 .57?Ü; L O, that were single-resonances for fields perpendicular to 
the 2D planes. The resonances aiound the discontinuity a t t r ibuted to the homopolar 
optic phonon, however, remain unchanged when tilting the sample, and so are not 
due to resonant subband-Landau-lcvel coupling. 
Estimating an effective coupling strength for the homopolar mode is difficult, due 
both to the comparative weakness of the coupling and the lack of any theoretical 
descriptions for the resonant interaction. One method for estimating </н0 is via the 
self-energy correction AE. which we expect to disappear above the phonon energy 
[3, 6]. Figure G.7 demonstrates this effect clearly, with a step of around 0.25 meV 
at the HO-phonon energy on a plot of the resonance energy against magnetic field. 
According to Schmid's theoretical calculations [29, 39J, the self energy correction 
at absolute zero is given by 
Д£;=(21п2). ( / І 2 ю Аи;но 
'^'HO 
1/2 
(6.3) 
Where I is the conduction-band width. This result should be compared with Ді? = 
aftuiio for the Fröhlich interaction [1]. We estimate I to be around 1 eV from band 
structure calculations [45]. Using this value and AE — 0.25 meV, Eq. (6.3) gives 
a coupling constant of gjlo ~ 0.002. Another rough est imate can be obtained by 
noting that the resonant coupling is approximately ten times weaker than the LO-
phonon coupling in GaAs, for which da ta are available up to % 0Miu!LO [11] and the 
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Figure 6.6: The energy dependence of the cyclotron effective mass for sam­
ple 1. The tilt angle was ss 8°. The resonances around the HO-phonon remain 
unchanged, while doublet resonances appear in the range 0.3-0.57IÜ;LO due to 
RSLC. 
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Figure 6.7: The energy dependence of the CR field in the region of the 
homopolar optic phonon. The lines are guides to the eye. The disappearance 
of the polaron self energy correction ΔΕ is clearly visible at 14.6 meV. 
theory is well founded. A linear comparison suggests a coupling constant of around 
5HO ~ 0.005. These results are almost two orders of magnitude weaker than the 
LO-phonon coupling in InSe (with α Ä 0.3) and suggest that the polaron coupling 
to the hoinopolar mode is in fact rather weak. 
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Segura et al. [41] deduced a larger value of gjlo = 0.054 based on an analysis 
of the temperature dependence of the electron mobility over the range 120-500 K. 
assuming that this is dominated by HO-phonou scattering. However, this is almost 
certainly an overestimate as no account was taken of LO-phonon scattering which 
is very significant in this temperature range. In fact, calculations of the mobility 
due to polar optic phonon scattering [33]. with a — 0.29 and UJLO = 27.3 meV, are a 
good fit to both the temperature dependence of the cyclotron linewidth [33] and the 
experimental data of Segura rt al. [41] above 120 K. Thus all of the experimental 
evidence is consistent with a small value for ^,,-,, of order 0.002-0.005 and the dom­
inance of LO-phonon scattering. This conclusion is in marked contrast to previous 
work on layered compounds [12, 29], where coupling to HO phonons is usually the 
dominant scattering mechanism. 
Inserting these values into Eq. (6.2) yields a deformation potential of Е
л
 « 2 
3 eV/Â. For holes in GaSe Schmid and Voitchovsky [40] showed that HO-phonon 
scattering was nearly an order of magnitude larger than LO-phonon scattering and 
deduced a value of g^Q — 0.25. This much larger value is due in part to the larger 
effective mass of m*,s = 0.5 me but still leads to an estimate of E^ « 6.6 eV/A. 
Comparing this with the value for electrons in InSe suggests that there may be a 
substantial difference in the strength of the homopolar coupling between the con-
duction and valence bands in layered semiconductors. Alternatively the magnitude 
of the deformation potentials may be significantlv different in the two materials, as 
suggested by their very different pressure coefficients for the direct band gap [23, 46]. 
Returning to the Fröhlich interaction, the overall mass enhancement is clearly 
dominated by coupling to the LO mode (see Fig. 6.3), reaching 205Í by 20.6 meV 
(corresponding to E = 0.76 ΤίιχΊ,ο)· These values are considerably larger than previ­
ously found in any 2D system, and are comparable to those seen in bulk CdTe [5, 7], 
which has a comparatively large coupling constant of α ~ 0.3. There will be a small 
contribution to the mass increase due to band non-parabolicity. This is estimated to 
be about + 3 % at E = 0.8 Й ^ о from two-band k-p theory although the exact value 
is uncertain due to the lack of detailed knowledge of the band structure. The esti­
mated band non-parabolicity has been indicated by the dashed line in Fig. 6.3. In 
order to provide some comparison with theory we have also plotted in this figure the 
theoretical results of Devrccse and Peeters '5] for polaron coupling in bulk materials 
with Q = 0.3, modified to incorporate the estimated band non-parabolicity. This 
theory appears to give a reasonable description of the InSe 2D results. Howe\'er, at 
the highest energies, there is some indication of an increase in the coupling strength 
as the LO-phonon is approached. This is in good agreement with the results from 
Chapter 4 [11] where we found very similar results when comparing bulk and 2D 
electrons in GaAs. provided that the system was in the low density limit. 
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6.5 Conclusion 
Our conclusion is that by studying the layered compound InSe we have observed 
a new type of polaron coupling to homopolar optical phonons polarised along the 
c-axis and coupling only via a deformation potential. This interaction is allowed 
in layered materials due to the low structural symmetry which causes the coupling 
to appear in first order of the atomic displacements. However, we find that the 
coupling strength is much weaker than anticipated from previous transport data. 
At high energies we observe conventional polaron coupling with the largest mass 
enhancement yet seen in any 2D system. 
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Summary 
Application of a magnetic field В will lead to quantisation of the motion of charge 
carriers in the plane perpendicular to B, and the energy levels can then be labeled 
as EN = (N + l)fiu)c + Ez with шс = еВ/тп*. Transitions between these Landau 
levels can be probed by cyclotron resonance (CR). For effective masses of the charge 
carriers of the order m* ~ 0.1m
e
 (like in GaAs and InSe) and magnetic fields up to 
30 T, these CR energies will be in the far-infrared region of the spectrum. Deviations 
from the expected linear behaviour of the Landau-level energy with the magnetic 
field will give information on the interaction between electrons and other elementary 
excitations such as phonons, and on fundamental 2D-propertics like the details of the 
energy levels in the confining potential well through subband-Landau-level coupling. 
Most of the experiments described in this thesis are performed on the quasi-
two-dimensional sheet of electrons in quantum structures based on the (Ga.Al)As 
system. The final chapter is also dealing with the 2D-eleclron gas. but now as it is 
found in the layered compound InSe. 
Impurity transitions between energy levels of bound states of shallow donors can 
be described by a hydrogen-like model. Due to the low effective mass and high di­
electric constant of these semiconductor materials, already at a few tcsla the limit is 
reached where the magnetic energy exceeds the Coulomb interaction. In Chapter 2 
it was demonstrated with a number of examples that cyclotron resonance and the 
related impurity resonance are very powerful techniques, amongst them: 
- The determination of band non-parabolicity and anisotropy of the GaAs conduc­
tion band from the spinsplitting of the CR. 
- In the rich spectrum of the hydrogen-like shallow donor one can observe metastablc 
states. 
- CR can be observed in Si ¿-doped GaAs, although of very large linewidth due to 
overlap of the electron wavefunctions with the donors. 
- CR experiments performed on high carrier density samples show distinct reso-
nances of the two occupied subbands. 
At the interface of a GaAs Alj.Gai_j.As heterostructure the electrons are bound 
in a triangular potential well. Due to this confinement quantisation into quasi 
two-dimensional subbands occurs. For the characterisation of the samples and for 
a quantitative understanding of the properties of the 2D electron gas, accurate 
and reliable values for the subband transition energies En - Em and for the spatial 
extension of the subband wavcfunctions are of great importance. The simple picture 
of complete quantisation into a ladder of Landau levels on top of each subband 
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breaks down in tilted fields when there is a crossing of Landau levels belonging to 
different electric subbands. The degeneracy of Landau levels belonging to different 
electric subbands will be lifted and a splitting of the (CR) is observed when the 
subband transition energy En — Em is equal to the CR energy hu}c - heD/m*. 
In Chapter 3 resonant subband Landau-level coupling (RSLC) measurements on a 
GaAs-Ala-Gai ^As heterojunction were presented. We have observed a splitting of 
the CR using incident radiation of fixed energy for a particular value of the electron 
concentration, this effect was attributed to a coupling between the N=l Landau level 
of the lowest subband and the N—Q Landau level of the first excited subband. Also 
experiments have been performed at a fixed value of the magnetic field and using 
an interferometer as a wide-band source of radiation. RSLC is a sensitive method 
for determining the transition energy En — Em and we have studied its dependence 
on the electron concentration and interface electric fields. 
In a polar lattice an electron will attract the positively charged ions and repel 
the negative ones, surrounding itself with a lattice distortion with a macroscopic 
polarisation. Such an electron with its self-induced polarisation is a cjuasi-particle, 
which is called a polaron, and has an enhanced effective mass, reduced mobility and 
higher binding (self) energy than the band electron. 
We have performed cyclotron resonance experiments to obtain information on the 
polaron effect in GaAs-AljGai
 xAs heterojunctions, the results were presented in 
Chapter 4. A problem with this technique when applied to GaAs-Alj.Gai_j.As hc4-
erojunctions occurs between the GaAs TO- and LO-phonon frequencies, where there 
is virtually no far-infrared (FIR) transmission through the GaAs substrates on to 
which most high-quality heterojunctions are grown. This makes it impossible to ob-
serve the resonant polaron effect in the usual transmission configuration adopted for 
cyclotron resonance. We have circumvented this difficulty by studying the cyclotron 
resonance using FIR reflectivity at energies very close to the GaAs LO-phonon fre-
quency. A calculation of the dielectric response of the heterojunction was used to 
reproduce the observed CR lineshapes well, enabling the effective masses to be re-
liably evaluated. A GaAs-A^Ga^^As heterojunction is not an ideal 2D electron 
system, the electron sheet has a finite width and, compared to bulk materials, a 
high electron concentration. Our density dependent measurements show that the 
strength of the polaron effect is considerably reduced by many-particle effects. 
The many-particle effects can be eliminated by studying the polaron effect in 
the Is — 2p"r impurity transition: no free electrons are present and we are probing 
the bound impurity electron energy levels, which couple with the LO-phonon in the 
same way as the Landau levels. By measuring the Is - 2p+ transition of shallow 
donors in a multiple quantum well (MQW) structure, it is possible to study the 
dimensionality effects on the strength of the polaron coupling without introducing 
high electron densities. An experiment on bound electrons in a square quantum 
well structure was presented in Chapter 5. The results showed twice that the two 
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dimensional polaron effect is enhanced over the bulk polaron coupling: First we 
have compared the data with the resonances observed in a reference bulk sample. 
Secondly, we have observed resonances shifted with respect to each other which 
we have attributed to different classes of electrons. As the electrons originating 
from the impurities located in the barriers are spatially separated from the donors, 
the Coulomb interaction between the electrons and these donors in the barrier will 
squeeze the electrons to the walls of the quantum well and these electrons will 
as a consequence experience a stronger confinement than the electrons bound to 
impurities at the centres of the wells. We found in both cases (in the comparison 
of the bulk with the MQW, and in the comparison of the "well-electrons'' with the 
"barrier-electrons'') for the more confined electrons an enhanced deviation from the 
linear relationship of the energy with the magnetic field due to the polaron effect 
already at energies well below the LO-phonon energy. 
The polaron effect is usually due to the interaction with phonons which have a 
macroscopic polarisation. Due to the layered structure of InSe, a homopolar-optic 
(HO) phonon with no macroscopic polarisation is present in this material. This 
HO-phonon carries a microscopic polarisation at the place where the electrons are 
situated, just in between the layers, and so give rise to a very weak polaron effect. In 
Chapter 6 we presented the first direct observation of this HO-polaron effect and the 
strength is estimated to be g2 = 0.002 - 0.005, which is much weaker than previous 
reports based on temperature dependent mobility measurements. In addition a 
very strong 2D polaron effect due to the coupling to the LO phonon was found in 
measurements at magnetic fields up to 30 T. From comparison with the calculations 
on CdTe we estimate that the strength of the electron-LO-phonon coupling in InSe 
is of the order a « 0.3. 

Samenvatting 
De aanwezigheid van een magneetveld В leidt tot quantisatie van de beweging van 
ladingdragers in het vlak loodrecht op de richting van B, met als discrete energie 
niveaus EN = (N + 1)пшс + Ez waarbij aic = eB/m' en N=0,1,2, Cyclotron 
resonantie (CR) is een techniek om deze magneetveld-afhankelijke Landau ener­
gieën waar te nemen. Er treedt absorptie op als de stralingsenergie gelijk is aan 
het verschil tussen twee opeenvolgende niveaus. Voor een efFektieve massa van de 
ladingdragers m* « 0.1 me (zoals in GaAs en InSe) en als er magneetvelden tot 30 
tesla beschikbaar zijn, dan vallen deze energieën in het ver infrarode deel van het 
spectrum. De Landau niveaus zijn lineair afhankelijk van het magneetveld en de af-
wijkingen daarvan geven ons informatie over de wisselwerking tussen elektronen en 
andere elementaire excitaties zoals bijv. fononen, en over fundamentele eigenschap-
pen van een twee-dimensionaal systeem in een potentiaal put d.m.v. koppeling van 
de Landau niveaus met de subband energieën. 
De meeste experimenten die in dit proefschrift beschreven zijn, zijn uitgevoerd 
aan het quasi twee-dimensionale elektronen gas dat zich bevindt in quantum structu-
ren die kunstmatig zijn aangebracht in halfgeleiders die op (Ga,Al)As gebaseerd zijn. 
Het laatste hoofdstuk beschrijft experimenten aan het twee-dimensionale elektronen 
gas zoals dat 'natuurlijk' aanwezig is in de gelaagde halfgeleider InSe. 
De energie niveaus van ondiepe donoren wordt goed door het waterstof model 
beschreven. Door de lage efFektieve massa en de hoge dielektrische constante van 
halfgeleider materialen is al bij een paar tesla de magnetische energie groter dan 
de elektrische Coulomb energie. De kracht van cyclotron resonantie experimenten, 
en de daaraan gerelateerde overgangen tussen energie niveaus van onzuiverheden, 
werden in hoofdstuk 2 geïllustreerd met enige voorbeelden: 
- De niet-paraboliciteit en anisotropie van de geleidingsband van GaAs werd be-
paald uit de spin splitsing van de CR. 
- Metastabiele toestanden zijn aanwezig in het spectrum van waterstofachtige on-
diepe donoren in GaAs. 
- Het is mogelijk om CR in ¿-gedoteerde materialen waar te nemen. Omdat de 
elektronen en donoren in dit systeem ruimtelijk niet gescheiden zijn is de resonantie 
zeer sterk verbreed. 
- CR experimenten aan GaAs-Al^Gai^As heterostrucuren met zeer hoge elektron 
dichtheden laten resonanties zien van de twee bezette subbanden. 
In een GaAs-Alj.Gai-.j.As heterostructuur zijn de elektronen aan het grensvlak 
gebonden door een driehoek-vormige potentiaal put. Hierdoor zijn de energie ni-
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veaus gequantiseerd in quasi twee-dimensionale subbanden. Zowel voor de karak-
terisatie van de samples als voor een goed begrip van de eigenschappen van het 
twee-dimensionale elektronen gas is het van belang om de subband energie verschil­
len E
n
 — E
m
 en de ruimtelijke uitgebreidheid van de golffuncties te weten. Als het 
magneetveld niet loodrecht op het twee-dimensionale elektronen gas staat is het 
beeld van een bij elke subband horende reeks Landau niveaus niet meer korrekt in 
de omgeving waar Landau niveaus van verschillende subbanden elkaar kruisen. De 
ontaarding van de Landau niveaus die bij verschillende subbanden horen zal worden 
opgeheven en er zal een opsplitsing in de CR worden waargenomen als het subband 
energieverschil E
n
 — E
m
 gelijk is aan de CR energie fiw
c
 = еВ/тп*. In hoofdstuk 3 
werden metingen van deze resonante subband-Landau-niveau koppeling (RSLC) 
gepresenteerd. Gebruik makend van ver infrarood straling met een vaste energie 
hebben we een splitsing in de CR waargenomen voor een zekere waarde van de elek­
tronen dichtheid. Deze splitsing hebben we toegeschreven aan de koppeling tussen 
het 7V=1 Landau niveau van de laagste subband met het iV=0 Landau niveau van 
de eerste subband. Ook experimenten met een vaste waarde van het magneetveld 
en gebruik makend van een interferometer als breedbandige stralingsbron laten deze 
splitsing zien. RSLC is een gevoelige methode om de subband energie verschillen 
E
n
 — E
m
 te bepalen. We hebben m b.v. RSLC de afhankelijkheid van E
n
 ~ E
m
 van 
de elektronen dichtheid en het elektrische veld aan het grensvlak bestudeerd. 
In een polair rooster zullen de elektronen de positief geladen ionen aantrekken 
en de negatieve ionen afstoten. Rond een elektron is dus een rooster verstoring aan­
wezig met een macroscopische polarisatie. Zo'n elektron, met zijn zelf-geïnduceerde 
polarisatie, is het polaron quasi-deeltje, en heeft een zwaardere effektieve massa, een 
lagere mobiliteit en een hogere zelf-energie dan een band-elektron. 
Om informatie over het polaron effekt in GaAs Alj.Ga^j.As heterostructuren te 
krijgen hebben we CR metingen gedaan, zoals beschreven is in hoofdstuk 4. Een 
probleem is dat het GaAs substraat van de preparaten niet transparant is voor ver 
infrarood straling met energieën rond de TO- en LO-fonon energieën. Daarom is het 
onmogelijk om CR in de gebruikelijke transmissie configuratie meten. Dit probleem 
hebben we omzeild door CR in reflektie te meten voor energieën dichtbij en in de 
Reststrahlen band. Een dielektrisch respons model reproduceert de lijnvorm van de 
CR metingen en stelt ons in staat om de effektieve massa op een betrouwbare manier 
te bepalen. Een GaAs-A^Gai-^As heterojunctie is geen ideaal twee-dimensionaal 
elektronen gas, maar het 2DEG heeft een eindige dikte en een hoge elektronen 
dichtheid in vergelijking met bulk GaAs. Onze dichtheids afhankelijke metingen 
laten zien dat veel-deeltjes effekten het polaron effekt aanzienlijk onderdrukken. 
De onderdrukking van de polaron koppeling door veel-deeltjes effekten kan om-
zeild worden door de Is — 2p+ donor overgang te bestuderen. Er zijn dan geen vrije 
elektronen aanwezig en de gebonden ondiepe donor toestanden koppelen met het 
LO-fonon op dezelfde manier als de Landau niveaus van de vrije elektronen. Door 
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impurity resonantie aan een uniform gedoteerde meervoudige quantum put (MQW) 
structuur te meten is het mogelijk om efFekten van dimensionaliteits reductie op 
de sterkte van de polaron koppeling te bestuderen zonder hoge elektron dichtheden 
te introduceren. In hoofdstuk 5 werden experimenten aan gebonden elektronen in 
een MQW gepresenteerd. De metingen laten op twee manieren zien dat het twee-
dimensionale polaron effekt sterker is dan het bulk polaron effekt. In de eerste 
plaats hebben we de metingen vergeleken met de metingen aan een referentie bulk 
preparaat. Bij energieën in de buurt van de LO-fonon energie vertoont de MQW 
een grotere afwijking van de ongestoorde lineaire energie-magneetveld relatie, en dit 
impliceert een sterkere polaron koppeling. In de tweede plaats is het mogelijk om 
bij dezelfde energie gelijktijdig zowel de resonantie van de donor in de put als van 
de donor in de barriere te meten (beide hebben een verschillende bindingsenergie). 
De elektronen afkomstig van de "barriere-donoren" zijn ruimtelijk gescheiden van 
de donoren. De hierdoor ontstane Coulomb kracht drukt deze elektronen tegen de 
wand van de put en de golffunctie zal een meer twee-dimensionaal karakter heb-
ben dan die van de "put-elektronen". De "barrière-elektronen" laten een grotere 
afwijking van de ongestoorde lineaire energie-magneet veld relatie zien dan de "put-
elektronen", ook dit is een indicatie dat de sterkte van het polaron toeneemt in lager 
dimensionale systemen. 
Het polaron effekt wordt gewoonlijk gevonden als een koppeling tussen elektronen 
en fononen die een macroscopische polarisatie hebben (bijv. LO-fononen). In InSe 
is, door de gelaagde structuur, een homopolair optisch fonon zonder macroscopi-
sche polarisatie aanwezig. Dit fonon heeft echter tussen de lagen een microscopische 
polarisatie, precies op de plaats waar de elektronen zitten, en dit geeft aanleiding 
tot een zwakke polaron koppeling. In hoofdstuk 6 werden de eerste directe me-
tingen van dit polaron effekt gepresenteerd. Een schatting van de sterkte van dit 
polaron effekt leidde tot g2 = 0.002 — 0.005, veel zwakker dan de in de literatuur 
vermelde waarde, die bepaald is uit temperatuur afhankelijke metingen van de mo-
biliteit. Als gevolg van de elektron LO-fonon koppeling hebben we gelijktijdig een 
sterk twee-dimensionaal polaron effekt gemeten in velden tot 30 T. Vergelijking met 
theoretische berekeningen voor het polaron effekt in CdTe geeft voor de sterkte van 
deze elektron-LO-fonon koppeling een schatting van α ~ 0.3. 
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